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Na iets langer dan vier jaar hard werken en veel leren is mijn proefschrift nu helemaal klaar. 
In principe is het proefschrift een beknopte afspiegeling van de grote hoeveelheden werk 
die een promovendus tijdens zijn promotie verricht. Het dagenlange programmeren, aan de 
opstelling sleutelen, narekenen van de theorie en het (drie-)dubbel meten van experimentele 
param eters wordt vaak slechts samengevat in een enkele zin of komt zelfs helemaal niet ter 
sprake. Het hele leerproces van de AIO, van beginner to t volwassen onderzoeker, ontbreekt 
bijna volledig, omdat het schrijven pas dan begint als de resultaten goed genoeg zijn en 
de AIO reeds voldoende ontwikkeld is om goed wetenschappelijk werk te leveren. Het 
proefschrift geeft daarentegen wel een goed beeld van de (onderzoeks)capaciteiten van de 
AIO aan het eind van zijn promotie. De vorming van de AIO en het to t stand komen van 
het proefschrift is niet alleen de verdienste van de AIO zelf, meerdere personen zijn hierbij 
direct of indirect betrokken.
Na mijn afstudeerstage aan het RIVM bood Gerard Meijer mij de mogelijkheid om 
als AIO te beginnen op de afdeling Molecuul- en Laserfysica. Gerard, ik heb tijdens mijn 
promotie-onderzoek zowel op het wetenschappelijke als op persoonlijke vlak veel van je 
geleerd. In het eerste anderhalve jaar was Richard Engeln mijn begeleider. Hierna werd 
hij universitair docent aan de Technische Universiteit Eindhoven. Jamm er genoeg ben je 
weggegaan voordat ik de goede resultaten heb behaald, m aar uiteindelijk hebben we na 
die vier jaar toch nog samen een succesvol experiment opgezet. Richard bedankt!
Ik heb een korte periode in Groningen gewerkt met Erik Kerstel en Radboud van Trigt. 
Ik wil jullie bedanken voor de gastvrijheid en de mogelijkheid die jullie mij geboden hebben 
om zeer leerzame experimenten te doen.
Het eerste gedeelte van mijn promotie-onderzoek was in het kader van een samenwer­
kingsverband met het RIVM. Marcel Mennen, Ton van der Meulen, Tobi Regts en Daan 
Swart bedank ik voor de prettige samenwerking. Arnoud Apituley wil ik extra bedanken 
voor alle vruchtbare discussies aangaande mijn onderzoek en het intensief lezen en becom- 
mentarieren van mijn proefschrift.
Op de afdeling Molecuul- en Laserfysica lopen veel AIO’s en andere medewerkers rond 
waar ik regelmatig bij langs ben gegaan om veel aan te vragen. Ik wil jullie ‘en masse’ 
bedanken voor de tijd die jullie voor mij hebben vrijgemaakt. Rick Bethlem, Robert Stolk, 
Rogier Evertsen en Ivan Buijnsters wil ik speciaal bedanken voor de leuke gesprekken en 
de goede sfeer. Ik zal het eten in de Refter echt gaan missen.
Heng & co. en mijn huisgenoten Guus en Kim bedank ik voor de bezigheden buiten 
mijn werktijd. De jongens van het zaalvoetbal bedank ik vooral voor het goed duidelijk 
maken dat leeftijd en volwassenheid niets met elkaar te maken hebben. Mick bedankt voor 
de uitnodiging bij je thuis samen met John Digweed en jouw e-mails heb ik zeer weten te
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waarderen.
Sander, ik wil je bedanken voor de steun en altijd zeer uitgebreide, diepgaande en 
meestal vreemde gesprekken. Vlak voor de start van mijn promotie heb ik Arlette ontmoet 
en met haar ben ik gelukkig nog steeds samen. Jij hebt alle pieken en dalen van mijn 
promotie van dichtbij meegemaakt en jij hebt me altijd gestimuleerd om door te gaan. 
Bedankt en ik ben trots op wat jij allemaal bereikt hebt. Pap en mam, ik ben blij dat ik 
jullie als ouders heb.
In de regel wordt het voorwoord afgesloten met het dankwoord aan de ouders en de 
relatiepartner, m aar ik ga hiervan afwijken. Als laatste wil ik Giel bedanken. Nadat ik 
gewend ben geraakt aan je onconventionele manier van begeleiden, heb ik heel erg veel van 
je geleerd. Onze discussies hebben nogal eens wat mensen doen schrikken, m aar uiteindelijk 
leverden deze discussies wel het gewenste resultaat op. Jouw begeleiding heb ik als zeer 
prettig ervaren en je was altijd bereid om mij te helpen. Daarnaast gingen onze gesprekken 
vaak over niet wetenschappelijke zaken en had jij je mening over elke kwestie meteen klaar 
(alsof je het van te voren bestudeerd had). Giel, bedankt!
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Chapter 1
Introduction
A bstract
This thesis describes a new absorption technique named cavity enhanced absorption spec- 
trosopy. Before elaborating on this spectroscopic method, a brief overview of a few other 
spectroscopic detection schemes will be given in this introduction. At the end of this 
chapter the outline of this thesis is presented.
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1.1 D irect absorption spectroscopy
Direct absorption spectroscopy of atoms and molecules in the gas phase, yielding both 
quantitative absolute concentrations as wel as absolute frequency-dependent cross-sections, 
is a very powerful tool in analytical and physical chemistry. This absoluteness is the reason 
why sensitive absorption spectroscopic techniques have gained renewed interest, even in 
research fields where more sophisticated laser based diagnostic techniques are commonly 
applied.
In a ‘conventional’ absorption experiment, one measures the amount of light th a t is 
transm itted through a sample. The attenuation of light due to an absorption is described 
using the Lambert-Beer law [1],
I  (v ) =  Io(v )e x p [-k (v  )l] (1.1)
where I0(v ) is the light intensity entering the sample, I ( v ) is the light intensity exiting 
the sample, l is the absorption path  length through the sample and k (v ) is the absorption 
coefficient of the absorber. If the light source is tunable and monochromatic (e.g., a 
laser), one can record an absorption spectrum  of the sample by recording the transm itted 
intensity as a function of frequency. Alternatively, a broad light source can be used when 
the incident light or the transm itted light is spectrally dispersed (e.g., in Fourier Transform 
spectroscopy).
A drawback of direct absorption spectroscopy might be its limited sensitivity. A small 
attenuation of the light intensity has to be measured on top of a large background. Ad­
ditionally, intensity fluctuations of, for example, a pulsed laser can be rather large (up to 
50%), thereby obscuring the absorption signal. And although one can in principle correct 
for these pulse-to-pulse fluctuations, significantly better results are obtained when more 
stable light sources (continuous wave (cw) instead of pulsed) are used.
From Eq. 1.1 it can be seen th a t an increase in the absorption path  length results in a 
stronger absorption signal. The absorption path  length can be increased in a sophisticated 
way using a ‘m ultipass’-cell configuration (e.g., W hite cell [2] or a Herriott cell [3]). A 
‘m ultipass’-cell consists out of two or more highly reflective mirrors between which the light 
is reflected many times, thereby traversing a different optical path  upon each reflection. 
The sample of interest is placed between the mirrors and absorption path  lengths of a few 
hundred meters can be achieved.
Another way to increase the sensitivity is combining direct absorption spectroscopy 
with a modulation scheme. In a modulation scheme the wavelength of the light source 
is modulated at a specific frequency and the beam th a t is transm itted through the sam­
ple is detected at this m odulation frequency with a phase-sensitive detector [4-7]. In the 
wavelength modulation scheme low-frequency modulations with large amplitudes are used 
and in the frequency modulation scheme high-frequency modulations with low amplitudes 
are used. In these schemes the laser spectrum  will exhibit sidebands and detection is 
performed on the carrier frequency or on one of the sidebands. In two-tone frequency 
m odulation spectroscopy the laser wavelength is modulated by two closely spaced mod­
ulation frequencies and the signal is detected at the resulting beat frequency [4]. The 
sensitivity in these modulation schemes is high since the phase-sensitive detection of the
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signal takes place at frequencies where the technical noise is weak. Furthermore, the base­
line slope th a t typically is present in a ‘conventional’ absorption spectrum  and intensity 
fluctuations of the light source are removed, whereas features th a t are strongly dependent 
on wavelength, such as molecular absorptions, will be enhanced. Minimum detectable ab­
sorption coefficients in the order of 10-  6 cm-  1Hz -  1/2 to 10-8cm-  1Hz -  1/2 have been claimed 
for the various schemes [8, 9]. M odulation schemes can easily be used with diode lasers, 
which allows for the application in the field of trace gas detection. A drawback, however, 
is th a t the modulation signal needs to be calibrated in order to make the measurement 
absolute, and thus to be able to obtain a calibrated number density.
1.2 In-direct absorption spectroscopy
In-direct absorption techniques are based upon the measurement of an effect induced by 
the absorption of light rather than  the absorption of light itself. In the resonant enhanced 
m ultiphoton ionization (REMPI) technique molecules are ionized by the absorption of two 
or more photons via intermediate energy levels of the neutral molecule [6, 12, 13]. A REM PI 
spectrum  is obtained by measuring the ion yield as a function of the laser wavelength. It is 
obvious th a t REM PI is a background-free absorption technique since ions are only created 
when the laser is resonant with the molecular absorption. It is difficult to perform REM PI 
experiments under atmospheric conditions. This excludes the technique from the field of 
trace gas detection despite its high sensitivity and high selectivity.
In the laser induced fluorescence (LIF) technique molecules are electronically excited, 
and the photons resulting from the decay back to their ground state are measured [6, 12]. 
In contrast to ‘conventional’ absorption spectroscopy the re-emitted light is detected. In 
order to obtain a LIF spectrum  the laser is scanned in wavelength and the fluorescence 
of the excited species is recorded. In theory, LIF is a background-free technique, but, for 
example, scattered light can result in noise in the LIF measurement. Still high sensitivity 
can be obtained in LIF spectroscopy since photon counting techniques are very effective. 
The LIF technique is less suited at high pressures, however, due to collisional quenching.
In photoacoustic absorption spectroscopy (PAS) the molecules absorb radiation, and 
consequently this results in an increase of the internal energy of these molecules [6, 10-12]. 
Due to collisions with other molecules this energy will be dissipated, and this will lead to 
a heat release which results in a pressure change in the gas. W hen the laser wavelength is 
resonant with an absorption and is m odulated at an acoustic frequency, sound waves will 
be generated th a t can be detected with a microphone. In order to generate these sound 
waves, pressures of at least 100 m bar are needed. The intensity of the detected sound signal 
is a measure for the strength of the absorption. Photoacoustic absorption spectroscopy is 
in principle a background-free absorption technique since the pressure changes will only 
occur when the molecule absorbs light. A minimum detectable absorption coefficient in the 
order of 10 -  10cm-  1Hz -  1/2 can be achieved in a photacoustical experiment [10]. In order 
to achieve highest sensitivity carefully designed acoustic cells are used through which the 
sample is flowed. As a result the measurement of strongly adhesive gases, such as ammonia, 
can be rather tedious. PAS, LIF, and REM PI are not self-calibrating techniques.
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1.3 C avity enhanced spectroscopic m ethods
Intracavity laser absorption spectroscopy (ICLAS) is a sensitive technique based on the 
change in the gain of a broadband laser due to a narrow linewidth absorber placed inside 
the laser cavity [6 , 9, 12, 14]. The light intensity generated in a laser mode will decrease 
due to the absorption. An ICLAS absorption spectrum  is obtained by placing the absorber 
inside the cavity and determining the laser gain at different wavelengths. For the narrow 
absorption lines the laser cavity acts like a ‘m ultipass’-cell. The effective absorption path  
length in an ICLAS experiment can be very long and depends on the so-called generation 
time (time in which laser modes are allowed to build up) and the ratio r of intracavity 
absorption cell length to the to tal optical laser cavity length. Assuming a generation time 
of 30 i s  and a r of 0.3, an absorption path  length of 3 km can be achieved and due to the 
long absorption path  lengths high sensitivities can be achieved. A sensitivity in the order 
of 10 - 10cm- 1Hz-1/2 has been reported [15]. Another advantage of ICLAS is th a t a large 
spectral region, comparable to the laser gain bandwidth, can be studied simultaneously.
Cavity ring down (CRD) spectroscopy is an absorption technique in which the sensi­
tivity is primarily improved by increasing the absorption path  length using a high finesse 
optical cavity [16]. The optical cavity is formed by two highly reflective mirrors and acts 
like a frequency selective filter tha t transm its light at the frequencies of the cavity eigen- 
modes. In ‘conventional’ CRD spectroscopy light from a pulsed laser is coupled into the 
cavity and the light inside the cavity is reflected many times between the mirrors. Absorp­
tion path  lengths up to ten kilometers can be reached. The light exiting the end mirror 
of the cavity is detected and the decay rate of the light intensity inside the cavity is de­
termined, which is a direct measure for the to tal cavity loss. An absorption spectrum  is 
obtained by scanning the laser wavelength and determining the decay time of the light 
intensity at each wavelength. A CRD measurement is independent of the intensity of the 
laser. Furthermore, CRD spectroscopy is a self-calibrating technique and the measured ab­
sorptions are therefore obtained on an absolute scale. A sensitivity of 5x 10- 10cm- 1Hz-1/2 
has been dem onstrated [17]. CRD spectroscopy can also be performed using continuous- 
wave lasers and higher sensitivities than  in pulsed CRD spectroscopy can be obtained, 
but, however, coupling of light into the cavity will be more difficult [18]. A sensitivity of 
8 .8 x 10- 12cm- 1Hz-1/2  has been shown for cw-CRD spectroscopy [19].
Cavity enhanced absorption (CEA) spectroscopy is a sensitivity cw absorption tech­
nique using the same high finesse optical cavity as in cavity ring down spectroscopy. Light 
is coupled into the cavity by accidental coincidences between the laser frequency and the 
frequency of one of the cavity eigenmodes. The light exiting the optical cavity is now mea­
sured tim e-integrated and is inversely proportional to the total cavity losses. A sensitivity 
on the order of 10- 8cm- 1Hz-1/2  can easily be achieved with a rather simple experimental 
setup [20].
1.4 O utline
The focus of this thesis is on CEA spectroscopy. This technique is developed using ideas 
from the field of CRD spectroscopy. In Chapter 2 the CRD technique is described. An
Introduction 13
overview is given for the various experimental approaches to, and the accompanying tech­
nical aspects of, CRD spectroscopy. The papers th a t have contributed to the development 
of the theory of CRD spectroscopy or those th a t have led to a new experimental scheme are 
reviewed in the text. All the papers on CRD spectroscopy th a t have appeared up to april 
2001 are compiled in a table. Furthermore, a short introduction about CEA spectroscopy 
is given.
The operation principle of the CEA technique is presented in Chapter 3. This is exem­
plified by simulations and the versatility of the technique is dem onstrated by measurements. 
The high-resolution attribu te  of CEA spectroscopy is shown by the measurement of the 
rotationally cooled spectrum  of oxygen in a supersonic jet expansion.
In Chapter 4 the results of CEA spectroscopy performed in radiative environments are 
presented. The spectrum  of hot water is measured in an oven at room tem perature and at 
1100 K. The results are compared to simulations from spectroscopic databases (HITRAN 
and HITEM P). The spectrum  of the OH radical is measured at several tem peratures in 
the oven. Furthermore, the OH spectrum  is measured at different heights in the flame 
of a m ethane/air flat burner and the oxyacetylene flame of a welding torch. These flame 
results are compared to the results obtained for OH in the oven. From this comparison an 
estim ate for the tem perature at the different heights in the flat flame and the oxyacetylene 
flame is given.
The ammonia molecule is studied in Chapter 5. In the 1.5 ¡im  region, ammonia has 
many overlapping overtone and combination bands tha t are perturbed as a result of several 
coupling mechanisms. A straightforward analysis is therefore difficult. The rotationally 
cooled spectrum  of ammonia is measured at two tem peratures in a supersonic je t expansion 
with the CEA technique. Using these spectra, we are able to assign all the transitions 
originating from the low J  and K  levels of two rovibrational bands of ammonia.
A pilot study for the use of the CEA technique for trace gas detection of ammonia is 
described in Chapter 6. A diode laser operating in the 1.5 ¡im region is used to probe the 
ammonia transitions. As described in Chapter 5 the ammonia transitions in the 1.5 ¡im 
region originate from overtone and combination vibrational bands, and are therefore rather 
weak, thereby limiting the achievable detection-limit. Since ammonia is strongly adhesive, 
the measurements are performed in a large perspex box to simulate an open-path setup. 
This perspex box is placed in a climate chamber at the National Institute of Public Health 
and Environment (RIVM) where controllable and reproducible concentrations of ammonia 
can be supplied to the measurement system. Besides the sensitivity of cavity enhanced 
absorption spectroscopy, the linearity of the technique is studied. In order to study the 
dynamic range, measurements are carried out on water. Independent calibration of the 
CEA measurements is performed with a chemiluminescence monitor (for the ammonia 
measurements) and a relative humidity sensor (for the water measurements).
In Chapter 7, CEA spectroscopy is performed using a line-tunable waveguide CO2 laser 
operating at 10 im . The absorption coefficient of ammonia is about ~60 times stronger 
in the 10 ¡im region than  in the 1.5 ¡im region, and therefore a lower detection-limit is 
anticipated. However, the experimental setup is drastically changed from th a t in Chapter 6 
since now a line-tunable laser is used instead of a laser th a t can be continuously tuned. A
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lock-in detection scheme is necessary in order to get rid of the background radiation for 
which the MCT detector, used in these measurements, is extremely sensitive. An acousto 
optical m odulator is used to prevent feedback into the laser. The sensitivity of the CEA 
technique in the new experimental setup is studied by measurements on ethylene and is 
compared to the sensitivities obtained with other spectroscopic techniques. Furthermore, 
the temporal resolution of the CEA technique in the current setup is studied.
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Chapter 2
C avity R ing D ow n spectroscopy 1
A bstract
Cavity ring down (CRD) spectroscopy is a direct absorption spectroscopic technique, which 
can be performed with pulsed or continuous light sources and has a significantly higher 
sensitivity than  obtainable in conventional absorption spectroscopy. The CRD technique 
is based upon the measurement of the rate of absorption rather than  the magnitude of 
absorption of a light pulse confined in a closed optical cavity with a high Q factor. The 
advantage over normal absorption spectroscopy results from, firstly, the intrinsic insen­
sitivity to light source intensity fluctuations and, secondly, the extremely long effective 
path  lengths (many kilometers) th a t can be realized in stable optical cavities. In the last 
decade, it has been shown th a t the CRD technique is especially powerful in gas-phase spec­
troscopy for measurements of either strong absorptions of species present in trace amounts 
or measurements of weak absorptions of abundant species. In this chapter, we emphasize 
the various experimental schemes of CRD spectroscopy, and we show how these schemes 
can be used to obtain spectroscopic information of atoms, molecules, ions, and clusters, in 
many environments such as, open air, static gas cells, supersonic expansions, flames, and 
discharges.
1 Adapted from: G. Berden, R. Peeters, and G. Meijer, Int. Rev. Phys. Chem. 19, 565 (2000).
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2.1 Introduction
Cavity ring down spectroscopy is a sensitive absorption technique in which the rate of ab­
sorption rather than  the magnitude of the absorption of a light pulse confined in an optical 
cavity is measured. The sample is placed inside a high finesse optical cavity consisting of 
two highly reflective mirrors. A short laser pulse is coupled into the cavity, the light is 
reflected back and forth inside the cavity, and every time th a t the light is reflected, a small 
fraction of this light leaks out of the cavity. Instead of measuring the to tal intensity of the 
light exiting the cavity, one determines the decay time by measuring the time dependence 
of the light leaking out of the cavity. In this way the rate of absorption can be obtained; 
the more the sample absorbs, the shorter is the measured decay time. There are several 
advantages to this approach. Since the absorption is determined from the time behaviour 
of the signal, it is independent of pulse-to-pulse fluctuations of the laser. Furthermore, the 
effective absorption path  length, which depends on the reflectivity of the cavity mirrors, 
can be very long (up to several kilometers), while the sample volume can be kept rather 
small. Compared with other sensitive absorption techniques, especially those using mod­
ulation schemes, CRD spectroscopy has the additional advantage th a t the absorption is 
measured on an absolute scale. Another attractive property is its simplicity; it is rather 
easy to construct a CRD setup out of a few components.
The work reported by Herbelin et al. [1] and Anderson et al. [2] can be regarded as 
precursors to the CRD technique, although the transmission of a light pulse through an 
optical cavity has already been studied for a long time (see e.g., Kastler [3]). Herbelin et al. 
were the first to propose the use of an optical cavity for measuring the reflectance of mirror 
coatings (the reflection losses are, in a way, the ‘absorption’ of the optical cavity) [1]. 
By intensity modulating a continuous (cw) light beam and measuring the phase shift 
introduced by the optical cavity, they were able to determine accurately the high reflectance 
of their mirrors. In 1984, Anderson et al. dem onstrated th a t the reflectance could be 
measured even better by abruptly switching off the cw light source when the intracavity 
field exceeded a certain threshold value, followed by a recording of the subsequent intensity 
decay of the light in the optical cavity [2]. In both techniques, injection of light into the 
cavity occurred via accidental coincidences of the (narrow-bandwidth) laser frequency with 
the frequency of one of the narrow cavity modes.
In 1988, O ’Keefe and Deacon showed th a t problems associated with mode coincidences 
could be circumvented by using a pulsed laser [4]. Additionally, owing to the pulsed char­
acter no electronics were needed for monitoring the intracavity power or for switching 
off the laser, before observing the decay transient, thus providing a simple experimen­
tal design for measuring the cavity loss. O ’Keefe and Deacon realized th a t this m ethod 
was suitable for measuring the absorption spectrum  of molecules present in the cavity. 
They dem onstrated the sensitivity by recording the CRD absorption spectrum  of the weak 
61S + (w = 1 ,2 )^ X 3£ “ (v=0) bands of molecular oxygen [4]. Since then, it has been shown 
by many groups th a t this technique is powerful in gas phase spectroscopy for measure­
ments of either strong absorptions of species present in trace amounts or weak absorptions 
of abundant species (Fig. 2.1).
Although CRD spectroscopy is significantly more sensitive than  ‘conventional’ ab-
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Figure 2.1: Cavity ring down absorption spectrum of ambient air around 253.7 nm 
measured in a 45 cm long cavity, using mirrors with a reflection coefficient of 99.7 % . 
It demonstrates the use of CRD spectroscopy for trace gas detection (atomic mercury; 
with the known cross section for this transition the density of these atoms can be de­
termined) and for measuring absolute cross-sections (molecular oxygen; with the know 
density the cross-section can be determined). Figure reproduced from R.T. Jongma, 
M.G.H. Boogaarts, I. Holleman, and G. Meijer, Rev. Sci. Instrum. 66, 2821 (1995).
sorption spectroscopy, in general it cannot compete with background-free detection tech­
niques such as laser induced fluorescence (LIF) or resonant enhanced m ultiphoton ioniza­
tion (REMPI). The CRD technique, however, can still be applied with success when the 
molecule’s excited state does not fluoresce (a prerequisite for LIF) or cannot be ionized (a 
prerequisite for REM PI). In high-pressure samples, such as flames and plasmas, CRD can 
be successfully used to extract quantitative absolute concentration data, which is nearly 
impossible by either LIF (because of difficulties associated with collisional quenching of the 
fluorescing state (Fig. 2.2)) or by REM PI (owing to difficulties in extracting the charged
To date, the CRD technique has been successfully applied in various environments. 
High resolution spectroscopy studies have been performed on molecules in cells and su­
personic jets and on transient molecules generated in discharges, flow reactors and flames. 
The CRD spectra directly provide the frequency-dependent absorption strengths of the 
molecules under study, which contain information on the number density, cross-section 
and tem perature. As long as mirrors with a sufficiently high reflectivity, detectors with a 
sufficiently fast time response, and tunable (pulsed) light sources are available, there is no 
intrinsic lim itation to the spectral region in which CRD can be applied. By now, successful 
application of CRD spectroscopy has been dem onstrated from the ultraviolet (UV) part of 
the spectrum  to the infrared (IR) spectral region.
Although nowadays most CRD experiments are performed with pulsed lasers, several
particles).
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F igure 2.2: Part of the A2S+ (v1 = 3 ) ^ X 2n(v''=0) spectrum of OH, measured simul­
taneously by CRD and LIF spectroscopy in a laminar CH4/air flame at atmospheric 
pressure. The differences in relative intensity are due to the rotational dependence of 
the predissociation rate; with increasing rotational quantum number in the A2X+ (v' =3) 
state, the predissociation rate increases. Figure reproduced from J.J.L. Spaanjaars, J.J. 
Ter Meulen, and G. Meijer, J. Chem. Phys. 107, 2242 (1997).
schemes have been developed during the last five years in order to perform CRD spec­
troscopy with cw lasers. Advantages of continuous-wave cavity ring down spectroscopy 
(cw-CRD) are a better spectral resolution and a better duty cycle. Furthermore, the 
sensitivity of cw-CRD can in principle be improved by careful design of the coupling of 
the laser modes to the cavity modes. It is interesting to note th a t the first two cw-CRD 
experiments which have been reported are inspired by the aforementioned ‘precursor’ ex­
periments. Engeln et al. reported phase shift CRD spectroscopy, in which the absorption 
spectrum  is extracted from a measurement of the magnitude of the phase shift th a t an 
intensity modulated cw light beam experiences upon passage through an optical cavity [5]. 
Later, Romanini et al. used the other approach; the resonant cavity mode is swept over 
the cw laser line, when sufficient light is coupled into the cavity the laser is switched off, 
and, subsequently, the CRD transient is recorded [6].
Several review papers on CRD spectroscopy exist. An historical overview of the devel­
opment of CRD spectroscopy can be found in the book edited by Busch and Busch [7]. This
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book contains also papers on the theory of optical cavities, different CRD-techniques, and 
applications of CRD spectroscopy. Scherer et al. [8, 9], and Paul and Saykally [10] have 
reviewed the early literature and the application of CRD spectroscopy to pulsed molecular 
beams. An overview of the use of CRD spectroscopy for the study of fast (sub-nanosecond) 
predissociation of electronically excited states of small molecules and radicals has been giv­
en by Wheeler et al. [11]. Cheskis [12] discussed the application of the CRD technique 
to the measurements of radicals in flames. Applications in analytical atomic spectroscopy 
are reviewed by Miller and W instead [13].
In this chapter, we emphasize the various experimental schemes of CRD spectroscopy 
and their applications. First, we outline the basic concepts of ‘conventional’ pulsed CRD 
spectroscopy, and we show th a t the CRD technique can be combined with other spectro­
scopic techniques like Fourier transform  spectroscopy (FTS) and magnetic rotation spec­
troscopy (MRS). Then we shall discuss the development of cw-CRD spectroscopy, and 
make the step to cavity enhanced absorption (CEA) spectroscopy. The la tter technique, 
which has been developed recently, is a simple cw absorption technique which uses ideas 
from the field of CRD spectroscopy. Furthermore, we illustrate all these techniques with 
some key studies.
2.2 P u lsed  C R D  spectroscopy
2.2.1 P r in c ip le
In a typical CRD experiment, a light pulse with a spectral intensity distribution I ( v ) and 
a duration which is shorter than  the ‘CRD tim e ’ t (defined below) is coupled into a non- 
confocal optical cavity consisting of two highly reflecting mirrors. The fraction of the light 
th a t is successfully coupled into the cavity bounces back and forth between the mirrors. 
The intensity of the light inside the cavity decays as a function of time, since at each 
reflection at a mirror a small fraction of the light is coupled out of the cavity. The time 
dependence of the intensity inside the cavity is easily monitored by measuring the intensity 
of the light exiting the cavity.
In an empty cavity, this ring-down transient is a single exponentially decaying function 
of time with an 1/e CRD time t (v ) which is solely determined by the reflectivity R (v ) of 
the mirrors and the optical path  length d between the mirrors. The presence of absorbing 
species in the cavity gives an additional loss channel for the light inside the cavity. If the 
absorption follows Beer’s law, the light intensity inside the cavity will still decay expo­
nentially, resulting in a decrease in the CRD time t . Generally, the intensity of the light 
exiting the cavity is given by
r o
I c r d (t) «  / I (v )e -t/r{v)dv, (2.1)
J 0
where the ring down time is given by
d
t  (v ) = --------------------------------- -,------------- (2.2)
c[| ln(R (v))| + E i  &i(v) lo Ni(x)dx]
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where c is the speed of light and the sum is over all light-scattering and light-absorbing 
species with frequency dependent cross sections ai (v ) and a line-integrated number density 
¡0 N i (x)dx  (in the case when the complete cavity is filled with absorbing or scattering 
species l will be equal to d). W hen considering narrow frequency intervals the frequency 
dependence of Rayleigh aRay(v ) and Mie aMie(v ) as well as of the mirror reflectivity can 
be neglected, and an effective loss factor | ln (R ef f  )| is taken. This effective loss factor may 
also include broadband absorption. The product of the absorption cross section ai (v ) and 
the number density N i(x) is commonly expressed as the absorption coefficient Ki(v, x) (also 
frequently denoted as a i (v ,x)).
The reflectivity of the mirrors is typically R=0.99 or better. Since the contributions of 
broad-band scattering and absorption to R ef  f  are generally much smaller than  the reflection 
losses of the mirrors and R  ~  1, one can write | ln (R ef f  )| «  (1 — R ef f  ). If we take the 
special case in which the number density does not depend on the position inside the cavity, 
Eq. 2.2 can be w ritten in a form which is often used in the CRD literature:
d
T(v) =  c[(1 — R) +  k (v )l] , ( )
where we have replaced R ef f  by R  just for convenience. The ring down time depends 
only on the properties of the cavity and the absorbing species present in the cavity, and is 
independent of the amplitude of the light inside the cavity.
In a CRD experiment the CRD time t is measured as a function of the laser frequency 
v . An absorption spectrum  is obtained by plotting the cavity loss 1 /c t as a function of v . 
The background in this spectrum  is then given by (1 — R )/d . Absolute absorption strengths 
can thus be obtained by subtracting the off-resonance cavity loss from the on-resonance 
cavity loss.
2 .2 .2  E x p e r im e n ta l  s e tu p
There are no intrinsic limitations to the spectral region in which CRD can be applied, 
provided th a t mirrors with a sufficiently high reflectivity, detectors with a sufficiently fast 
time response, and tunable pulsed lasers are available. A typical experimental CRD setup is 
given in Fig. 2.3. This basic setup is fairly simple; it consists of a pulsed laser system, a ring 
down cavity, a fast detector, a fast and deep analog-to-digital converter, and a computer for 
data handling. The actual choice of these components depends on the wavelength region 
in which the CRD spectrum  needs to be recorded.
In the visible wavelength region, CRD spectroscopy is usually performed with pulsed 
dye lasers (typical pulse duration of 5-15 ns). Only m oderate pulse energies (~1 m J) are 
needed. In this wavelength region, highly reflective mirrors are available (1-R  from 10-3 
down to 10-6 ), and time dependent detection of the light leaking out of the ring down 
cavity is easily performed with a photomultiplier tube (PMT). Tunable pulsed UV light 
can be generated by, for example, frequency doubling or Raman-shifting visible laser light. 
The reflectivity of the ring down mirrors is somewhat worse compared with the reflectivity 
available in the visible spectral region (1-R  of ~ 10 -2-10-3). Again a PM T can be used as 
a detector. Tunable pulsed infrared light can be obtained by Ram an shifting or frequency
Cavity Ring Down spectroscopy 23
Ring Down Cavity
Computer Oscilloscope
Figure 2.3: Scheme of the experimental setup for cavity ring down spectroscopy. The 
mode matching optics are optional (see text).
mixing visible laser light, or by using for example an optical param etric oscillator (OPO), 
a CO2 laser or a free electron laser. The reflectivity of the mirrors in the near-infrared is 
comparable to th a t in the visible region, but becomes worse when going to the far-infrared 
(typical losses are 10-3 around 10 ^m ). The ring down transients can be recorded with 
liquid nitrogen cooled HgCdTe (MCT) detectors.
The ring down cavity is formed by two identical plano-concave mirrors. The radius of 
curvature r is typically between -25 cm and -1  m, and the mirrors are placed at a distance 
d such th a t the cavity is optically stable (and non-confocal), i.e. 0 < d < r or r < d < 2r. 
Cavity lengths of 3 cm (see section 2.2.6 and Berden et al. [14]) up to 270 cm [15] have 
been reported. The mirrors are placed in mounts such th a t their positions can be adjusted 
in order to align the cavity. For cell experiments the mounts are connected to a tube in 
such a way th a t the mirrors act as entrance and exit windows of the cell. It is very difficult 
(‘impossible’) to place a cell inside a cavity since the reflection and absorption losses of 
the cell windows are too large for observing a CRD transient (although experiments have 
been performed with optical elements inside the cavity, see Sec. 2.2.7).
Suppose th a t we have mirrors with a reflectivity of 0.9999 and a radius of curvature of 
-1  m placed at a distance of 0.5 m. The effective path  length d/(1 — R) is then equal to 
5000 m, and the decay time t  is 16.7 ¡is. An absorption of k=10-8 cm-1 changes the decay 
time to 16.6 is .  In order to observe this absorption it is im portant to determine the decay 
time accurately. Obviously, the most accurate way is to use a digitizer with the highest 
vertical resolution (10 bit or higher) and horizontal resolution (20 M s/s or higher). The 
decay transient is recorded over 3 or 4 times the decay time of the empty cavity. After 
averaging of the ring down transients over a predefined number of laser pulses (20-50) on 
the onboard memory of the oscilloscope, the data  are transfered to a PC. After subtracting 
the baseline of the data, the natural logarithm of the data is taken and the result is fitted 
to a straight line using a least-squares weighted fitting algorithm. The slope of this fitted 
line is recorded as a function of the laser frequency.
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Instead of recording the complete ring down transient, Romanini and Lehmann [16] used 
two boxcar channels which integrate and average the decay inside two time windows. The 
natural logarithm of the ratio of the signals measured at both channels is then proportional 
to the absorption coefficient. O ’Keefe used two unequal time windows [17]. The first gate 
integrates the complete decay transient, providing a signal which is proportional to the 
laser pulse energy and the ring down time t  , while the second gate measures the laser 
pulse energy from the very first part of the decay transient. The ratio of the two signals 
provides the ring down time t  .
2 .2 .3  C av ity  m o d es
Above, we have given a rather simplified picture of CRD spectroscopy, namely a pulse of 
light which is reflected back and forth in a high finesse optical cavity. This picture gives 
the impression th a t this process is independent of the frequency of the laser light exciting 
the cavity, which is obviously not the case since we have to consider the mode structure of 
the cavity. This mode structure can cause several problems. Narrow molecular absorption 
features might fall between the cavity modes and these features will then be absent in the 
spectrum. Furthermore, mode beating, resulting from multi-mode excitation, can generate 
oscillations in the ring down transient, which prevents an accurate determ ination of the 
decay time t  .
Potential problems associated with the mode structure can easily be circumvented by 
using a stable optical cavity with a near-continuum mode structure [5, 18]. In general, 
a cavity has both longitudinal and transverse modes. The frequency of a TEM qmn mode 
having a longitudinal index q and transverse indices m ,n  is given by (see e.g., Hodges et 
al. [19]):
Vqmn 2d
2 d 
q +  (m +  n +  1)— arctan , , (2.4)
n \^Jd(2r — d) t
From this equation it is seen tha t the longitudinal mode spacing (often referred to as the 
free spectral range (FSR) of the cavity) is A v=c/2d , and th a t the transverse mode spacing 
is given by (c/nd) a rc ta n [d ^ d (2 r  — d)]. Therefore, the mode structure in the cavity is a 
continuum when the ratio of the transverse to longitudinal mode spacings is irrational.
Experimentally, such a continuum can readily be achieved. First of all, no mode m atch­
ing optics should be used to couple light into the cavity. Second, the cavity should be stable 
(and non-confocal), th a t is 0 < d < r or r < d < 2r. Third, the ratio of the mirror diameter 
to the length of the cavity should be not too small in order to ensure th a t the transverse 
modes remain in the cavity (i.e. the diffraction losses of the transverse modes should be 
minimized). Finally, care should be taken th a t all modes exiting the cavity are detected 
with equal efficiency, since transverse modes are spatially more extended. For example, a 
cavity with a length of 50 cm, mirrors with a diameter of 25 mm, and a radius of curvature 
of r= -1  m satisfies the second and third conditions. All modes are detected by placing a 
photomultiplier directly behind the cavity. If the effective surface of the detector is small, 
a lens with an appropriate diameter and a short focal length should be used to focus the 
light onto the detector.
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Since the bandwidth of the excitation laser is often much larger than  the (residual) mode 
spacing, many modes are excited. As is shown by Hodges et al. [19], the excitation of many 
(transverse) modes dramatically reduces the modulation depths of the beats observed in the 
ring down transients. By making the cavity mechanically unstable, the mode spacings vary, 
assuring tha t all frequencies are coupled into the cavity with an ‘equal probability’ (this also 
assures th a t the ratio of transverse and longitudinal modes is most of the time irrational). 
W hen the ring down transients are averaged, the residual mode beating effects are further 
minimized, leading to a single exponentially decaying transient. Note th a t mode beating 
effects in the transient are often difficult to observe owing to a ‘slow’ detector response or 
electronic filtering.
There are a few disadvantages of the continuum-mode approach. First of all, the spatial 
resolution of CRD spectroscopy is not optimal due to the spatial extent of the transverse 
modes. Spatial resolution is im portant in experiments where one wants to map out the 
spatial distributions of molecular species (see e.g., Zalicki et al. [20], Zhao et al. [21]). 
Exciting only longitudinal modes (TEM 0o mode matching), improves the spatial resolution 
and can be achieved by using mode matching optics to couple the laser light into the cavity, 
or by using small diameter mirrors [16], or by placing apertures in the cavity [19, 22].
Another disadvantage of the continuum-mode approach is the ultim ate sensitivity th a t 
can be obtained, which is im portant for quantitative high sensitivity absorption measure­
ments [19]. The accuracy in the determ ination of the decay time is limited owing to very 
small quasi random variations in the residual transverse mode beating. The ultim ate sen­
sitivity is obtained if only one single longitudinal mode is excited in the cavity, giving a 
truely single exponential decay [23].
Lehmann and Romanini suggested th a t one can perform CRD spectroscopy with a 
higher spectral resolution than  the laser which is used to excite the cavity [24]. In order 
to perform such an experiment, the mode spacing of the cavity should be larger than  the 
spectral width of the laser, and the cavity length should be carefully controlled in order to 
prevent drift of the modes. Such an experiment has been reported by Van Zee et al. [23], 
and is described in more detail in Sec. 2.2.8.
It should be noted th a t pure TEM 00 mode m atching is not straightforward. As shown 
above, observing a single exponentially decaying ring down transient does not have to 
indicate th a t a single mode is excited in the cavity, since this can also be due to excitation 
of (many) transverse modes and /or slow detector response. A CCD camera should be used 
in order to visualize the mode pattern  (spatial structure) of the light exiting the ring down 
cavity (see e.g., Hodges et al. [19]). This provides a way to maximize coupling into the 
TEM 00 modes.
A more extensive discussion on the mode structure in a ring down cavity, and how this 
affects the ring down transient (mode beating) and the measured absorption spectrum, 
can be found in the work of Zalicki and Zare [20], M artin et al. [25], Lehmann and 
Romanini [24], Hodges et al. [19], and Scherer et al. [9]. However, it should be emphasized 
th a t for the m ajority of CRD applications, problems associated with the mode structure 
of the ring down cavity are largely absent.
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2.2 .4  L ase r b a n d w id th  effects
It is evident from Eqs. 2.1 and 2.2 th a t the cavity ring down transient is only a single ex­
ponentially decaying curve if the bandwidth of the laser radiation th a t is coupled into the 
cavity is much smaller than  the width of the absorption features. Consider for example a 
strong but narrow absorption which is detected with a broad bandwidth laser whose center 
frequency is set at the frequency of the absorption. Light with a frequency at the center of 
the absorption line will have a short decay time whereas frequencies in the wings of the laser 
profile will have the decay time of the empty cavity, which is much longer. The observed 
ring down time, which is obtained by fitting the measured (multi-exponentially decaying) 
transient to a single exponentially decaying function, is predominantly determined by the 
contributions of the wings of the laser profile. Thus, in general, an absorption is under­
estim ated if the bandw idth of the laser is comparable to or larger than  the width of the 
molecular absorption. It is noted th a t this ‘bandw idth effect’ is similar to th a t observed in 
conventional absorption spectroscopy when the instrum ental resolution is lower than  the 
width of the absorption features.
The bandwidth effect in CRD spectroscopy has been investigated by Zalicki and Zare [20], 
Jongma et al. [26], and more quantitatively by Hodges et al. [27]. These studies have 
shown tha t, for cases in which the bandwidth of the laser cannot be neglected, one can 
still extract the correct absorption coefficient from the measured decay transients, provided 
th a t the spectral intensity distribution of the light source is known.
Zalicki and Zare have also shown tha t for small absorbance the measured integrated 
absorption deviates only slightly from the true integrated absorption [20]. The condition 
of small absorbance can be achieved by obtaining the ring down time t  from the early 
part of the decay transient. This has experimentally been dem onstrated by Newman et al. 
who reported on the integrated absorption intensity of the a1A g(v = 0 )^ X 3£ -  (v=0) band 
of molecular oxygen, measured with two spectroscopic techniques; high resolution Fourier 
transform  spectroscopy with a long path  absorption cell, and CRD spectroscopy [28]. In 
their CRD experiment the laser bandw idth was 0.25 cm-1 , while the pressure and Doppler 
broadened line widths of O2 were only 0.098 cm-1 . By limiting the determ ination of the ring 
down time to the first 0.5 ßs of the decay transient (with a decay time of approximately 
10 ßs), the integrated absorption intensity obtained from the CRD experiment was in 
excellent agreement with tha t obtained from the Fourier transform  experiment.
2 .2 .5  M u ltip le x  C R D  sp ec tro sc o p y
Quantitative information is most easily extracted from the CRD measurements when the 
bandwidth of the laser can be neglected relative to the width of the absorption features 
(see Sec. 2.2.4). If this is no longer valid, knowledge of the spectral intensity distribution 
of the laser is required in order to obtain the correct absorption coefficients. Therefore, 
one can also use a polychromatic light source and extract the spectral information after 
spectrally dispersing the light exiting the cavity. For this the temporal shape of the ring 
down transient has to be recorded and analyzed for a specific frequency (interval). A 
monochromator with a suitable detector or a time-resolved optical multi-channel analyzer
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can for instance be used. Another possibility is to couple the polychromatic light exiting the 
cavity into a Michelson interferometer. The time dependence of the ring down transient per 
frequency interval is found after Fourier transform ation of the measured time dependence 
of the (spectrally integrated) ring down transients recorded at well-defined interferometer 
arm  length differences.
This so-called Fourier transform  cavity ring down (FT-CRD) scheme has been described 
and dem onstrated by Engeln and Meijer [29]. In their experiment they recorded the FT- 
CRD spectrum  of the A  band of molecular oxygen around 762 nm. The light of a broad 
band pulsed dye laser with a spectral width of about 400 cm-1 , was coupled into the 45 cm 
long CRD cell with a near continuum mode spectrum. The light exiting the cavity was 
coupled into a multi-mode fiber which was connected to a FT-spectrom eter (Bruker IFS 
66v with the step-scan option). At every mirror position the multi-exponentially decay­
ing transients were measured with a PM T, digitized with an oscilloscope, and stored on 
a PC. After the complete measurement, the data were rearranged so tha t, at each time 
point, interferograms were formed (i.e. signal as function of mirror position). These inter- 
ferograms were Fourier transformed to obtain the spectral intensity distribution at each 
time point. By again rearranging the data so th a t at each frequency the time points were 
collected, a ring down transient at th a t frequency was obtained, from which t  was deter­
mined. In this way the absorption spectrum  of oxygen was ‘constructed’. The resolution 
of a FT-CRD spectrum  is determined by the resolution of the FT  spectrometer. In FT- 
CRD spectroscopy, the absorption is deduced from the temporal shape of the ring down 
transient; therefore, only the spectral shape of the light source has to be known and has 
to remain constant during the measurement, whereas the intensity of the light source is 
allowed to fluctuate; one does not need to know the absolute intensity of the interferograms.
The signal-to-noise ratio and the resolution of the spectrum  of oxygen recorded with 
the FT-CRD technique is not as good as th a t can be obtained with a tunable narrow band 
pulsed dye laser (with the same data  acquisition time and under the same experimental 
conditions [29]). Because of the narrow width of the oxygen transitions one has to record 
interferograms at many positions of the moving mirror of the FT-spectrometer. Together 
with the m athem atical conversion of the data, this is rather time consuming. Therefore, 
the FT-CRD technique is especially suitable when spectrally broad survey scans have to 
be made or when broad spectral features have to be recorded. The technique can also be 
used to enhance the resolution of the pulsed laser. This has been shown by Engeln et al. 
who have recorded the FT-CRD absorption spectrum  of ethylene around 10.5 ßm  using an 
intrinsically broad band laser pulse from a free electron laser [30].
Instead of a FT-spectrom eter one can also use an etalon [31] or a monochromator for 
dispersing the light exiting the cavity. One can scan the monochromator and measure 
the ring down transient at each wavelength [32], or one can use a time-resolved optical 
multi-channel analyzer for recording the transients at many wavelengths simultaneously. 
This la tte r approach has been dem onstrated by Scherer [33]. In his ring down spectral 
photography (RSP) technique the time and frequency response of the cavity are recorded 
simultaneously along orthogonal axes of a two-dimensional array detector. The light ex­
iting the cavity is dispersed in time with a high-speed rotating mirror and in wavelength
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with a diffraction grating and imaged on a CCD camera. In the initial proof-of-principle 
study, Scherer measured the fifth overtone spectrum  of propane in the 635 nm region with 
a narrow band pulsed dye laser which is tuned over the absorption band. Although not 
yet demonstrated, the use of a broadband light source results in a continuous image of 
wavelength versus time, a ‘spectral photograph’, which can be converted to yield an ab­
sorption spectrum  by fitting the decay constants of the time-traces. RSP offers possibilities 
for real-time monitoring of molecular species.
2 .2 .6  P o la r iz e d  lig h t in C R D  sp ec tro sc o p y
Most CRD experiments are performed with linearly polarized light, although the polar­
ization of the light is not explicitly used. Nevertheless CRD experiments can be designed 
which make use of the polarization state of the light. Already in 1990, Le Grand and Le 
Floch had shown th a t by placing polarization selective elements before and behind the 
ring down cavity, the linear or circular dichroism in either optical or atomic systems can be 
measured [15]. But it was only in 1997 th a t polarized light was used in CRD spectroscopy 
of molecules [34].
Three examples will be presented which show the application of polarized light in 
molecular spectroscopy. In the first example, the rotationally resolved spectra of the 
61S + ( v = 0 )^ X 3£ - (v=0) band of molecular oxygen are recorded by CRD spectroscopy 
in magnetic fields up to 20 T [14]. The absorption spectra are measured with linearly 
and circularly polarized light, leading to different A M  selection rules in the molecular 
transition, thereby aiding in the assignment of the spectra. In the second example it is 
dem onstrated th a t use can be made of the polarization state of the light in the cavity 
to further improve on the sensitivity and species selectivity of the CRD method. This 
polarization dependent CRD (PD-CRD) technique, which is the CRD analog of magnetic 
rotation spectroscopy, extends the applicability of the CRD m ethod to the accurate mea­
surement of magneto-optical phenomena, such as polarization rotation [34]. Third, the 
PD-CRD scheme can be modified in order to measure optical rotation in samples of chiral 
molecules in the gas phase. By inserting two quarter wave plates in the cavity, Vacarro 
et al. have measured the optical rotation and differential absorption (circular dichroism) 
induced by the presence of chiral compounds [35].
S p e c tro sco p y  w ith  p o la r iz e d  ligh t
The rotationally resolved spectra of the b1S + ( v = 0 )^ X 3£ - (v=0) band of molecular oxygen 
have been recorded in magnetic fields up to 20 T in order to validate the theoretical model 
th a t is used to describe the interaction between the oxygen molecules and the magnetic 
field [14]. W ith this model it is possible to calculate the spin contribution to the molar 
magnetic susceptibility of oxygen as a function of the magnetic field strength and the 
tem perature. Furthermore, it can be shown th a t molecular oxygen is aligned in high 
magnetic fields. This is a nice example of a molecular system in which the alignment is 
caused by the spin-spin interaction via a coupling of the spin angular momentum to the 
magnetic field direction. Additionally this study demonstrates th a t sensitive absorption
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spectroscopy can be applied in short cavities in environments th a t are difficult to access, 
such as inside a high field magnet.
Since the magnetic field was homogeneous over a few centimeters, a very short ring 
down cavity has been used in order to prevent the spectra from becoming too complex. 
The length of the cavity was chosen such th a t the broadening of the rotational lines due 
to the inhomogeneity of the magnetic field was comparable to the combination of Doppler 
and pressure broadening. The ring down cavity was formed by two plano-concave mirrors 
with a diameter of 25 mm and a radius of curvature of -1 m, placed 3 cm apart. The 
mirrors were mounted on a short tube, in a fixed position relative to each other. This 
short cavity was placed inside an 84 cm long cell, which was inserted in a B itter magnet 
with a bore of 3.1 cm. The axis of the cavity was parallel to the magnetic field lines 
(Faraday configuration). The cavity was positioned in the center of the magnet in a region 
where the field was rather homogeneous; the field at the position of the mirrors dropped 
to 98.5% of the maximum field at the center of the cavity. The cell was filled with pure 
molecular oxygen (100-500 mbar) and holes in the small ring down cavity tube allowed the 
oxygen to enter the cavity as well.
Pulsed laser radiation at a wavelength of 762 nm was obtained from a pulsed dye laser 
(10 Hz repetition rate and 5 ns duration pulses), delivering pulses with several m J of energy 
in a spectral profile with a bandwidth of approximately 0.07 cm-1 . Prior to entering the 
cell with the ring down cavity, the incoming laser beam passed through a Glan-Thompson 
polarizer creating linearly polarized light. Optionally, by placing a A/4 plate between the 
Glan-Thompson polarizer and the entrance window of the cell, circularly polarized light was 
created. Since the PM T could not be placed in the neighbourhood of the B itter magnet, 
the light exiting the cavity was coupled into a 13 m long fiber which was connected to the 
PM T. The time-constant t  tha t described the decay of the light in the empty cavity in our 
set-up was around 350 ns, corresponding to an effective absorption path  length of 105 m 
and an effective reflection coefficient of R  ~  0.9997.
Figure 2.4 shows three CRD absorption spectra of oxygen measured in a magnetic 
field of 20 T using different polarization states of the light, respectively (a) right-hand 
circularly polarized (a+), (b) left-hand circularly polarized (a - ), and (d) linearly polarized. 
Comparison of the spectra (a) and (b) shows th a t the polarization state of the light is not 
(or hardly) affected by the multiple reflections on the mirrors of the cavity. In addition, 
the sum of the a+ and a -  spectra (divided by 2) is shown in panel (c). This sum-spectrum 
should be identical with the spectrum  measured with linearly polarized light but, although 
all features can be found in both spectra, it is seen th a t the intensity of strong features 
which arise solely from A M = + 1  or A M = -1  transitions are underestim ated in the measured 
spectrum. This is an experimental artifact th a t can be understood by realizing tha t, at 
such a transition, only one of the circularly polarized components can be absorbed, while 
the other is not affected at all. Since the transient measured at the exit of the cavity 
is fitted to a single exponentially decaying curve, the absorption is underestim ated. A 
comparable effect occurs when the bandwidth of the light source is larger than  the line 
width of the absorption (see section 2.2.4). However, note th a t the ‘polarization’ effect is 
also present when the laser line width is infinitely small.
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F igure 2.4: CRD spectra of molecular oxygen at 20 T; (a) the measured spectrum with 
t + polarized light, (b) the measured spectrum with a -  polarized light, (c) the sum of 
the spectra shown in (a) and (b) divided by 2, (d) the measured spectrum with linearly 
polarized light, and (e) the simulation of the spectrum with linearly polarized light. The 
vertical scales are the same for each spectrum. When CRD spectroscopy in a magnetic 
field is performed with linear polarized light, absorptions induced exclusively by t + or 
a -  light are underestimated. Figure reproduced from G. Berden, R. Engeln, P.C.M. 
Christianen, J.C. Maan, and G. Meijer, Phys. Rev. A  58, 3114 (1998).
P o la r iz a tio n  d e p e n d e n t C R D  sp ec tro sc o p y
By placing a polarization selective optical element in front of the detector (e.g., a polarizer), 
it is possible to measure the rotation of the plane of polarization of the incoming linearly 
polarized beam upon passage through the ring down cavity. If (part of) the cavity is placed 
inside a magnetic field, the plane of polarization can rotate owing to dispersion (magnetic 
birefringence) or polarization dependent absorption (magnetic dichroism). The experimen­
tal setup for PD-CRD spectroscopy which has been used to measure these magneto-optical 
effects on molecular oxygen is shown in Fig. 2.5 [34]. The ring down cavity with a length 
d is placed inside a magnetic field which extends over a length l. Before the light enters 
the cavity, it passes through a Glan-Thompson (GT) polarizer. In the Voigt configuration 
(cavity axis is perpendicular to the magnetic field) the polarizer is used to define the angle 
$ B between the polarization direction of the light and the direction of the magnetic field. 
In the Faraday configuration (cavity axis is parallel to the magnetic field) the polarizer is
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Figure 2.5: Schematic view of the experimental setup for polarization dependent CRD 
spectroscopy. Pulsed laser radiation is coupled into a ring down cavity. Prior to entering 
the cavity, the light passes through a Glan-Thompson polarizer (GT). The light exiting 
the cavity is split by a Glan-Laser polarizer (GL) into two mutually orthogonally polarized 
components that are recorded independently. In the Faraday configuration for the solid 
sample, two Helmholtz coils are used to create the magnetic field. Figure reproduced 
from R. Engeln, G. Berden, E. Van Den Berg, and G. Meijer, J. Chem. Phys. 107, 4458 
(1997).
used to define the degree of polarization of the light better. The light exiting the cavity is 
sent through a Glan-Laser (GL) polarizer, split into its two mutually orthogonally polar­
ized components and measured with two identical PMTs. The axis of the analyzer can be 
oriented at an angle fiD relative to the polarization direction of the incoming beam.
The time-dependences of the light intensity for both polarization directions are mea­
sured simultaneously. The decay times t  are determined in the same way as in ‘conven­
tional’ CRD. In the Voigt configuration the difference between the cavity losses in the two 
directions is given by [34]
---- ----------------- ^ T  =  1  sin(2 t B! Kll(v) -  K±(v)] (2.5)gt^d (v ) gt^d+90° (v) d sm (2 0 D) 1
in which K||(v) and k±(v ) are the absorption coefficients for absorptions induced by light 
th a t is polarized parallel and perpendicular to the magnetic field, respectively. Com­
pared with ‘conventional’ CRD spectroscopy there is a gain in the intensity by a factor 
sin(2 0 B) / sin(2 0 D), and there is a sign difference between absorptions polarized parallel
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and perpendicular to the magnetic field. Experimentally it is found th a t there is a reduc­
tion in the noise in the spectrum, noise th a t is probably associated with variations in the 
mode structure. Since this noise appears in the signals of both polarization directions, it 
cancels out in the difference signal.
In the Faraday configuration the difference between the cavity losses is given by [34]
1 1 2U1  r / \  / \
> + (V ) — n - (V  )] (2.6)cr^D (v ) cr^D+90° (v) cd sin(20D)
in which n+ (v) and n - (v ) are refractive indices for right and left circularly polarized light. 
In this set-up, one is therefore selectively sensitive to polarization rotation, a quantity 
th a t can not be measured in ‘conventional’ CRD spectroscopy. As in CRD absorption 
spectroscopy, where the rate of absorption is measured, in PD-CRD the rate of optical 
rotation is measured, and this enables the optical rotation to be put on an absolute scale.
It is im portant th a t ÿ D is not equal to 90 degrees, but it should be chosen such tha t 
the ring down transients are single exponentially decaying functions for either polarization 
direction. Note th a t PD-CRD is only sensitive for paramagnetic species, like for example 
oxygen. Absorptions of other species are detected in both polarization directions but 
cancel out in the difference spectrum. The PD-CRD technique has been dem onstrated 
on the b 1S+ (v'=2) ^  X3S~ (v"=0) transition of molecular oxygen around 628 nm, by 
measuring either the polarization dependent absorption or the magneto-optical rotation of 
oxygen in the appropriate setup [34]. Figure. 2.6 shows part of the magneto-optical rotation 
spectrum  of the b 1S+ (v'=0) ^  X3S~ (v"=0) transition of molecular oxygen around 762 
nm.
M e a su re m e n t o f th e  o p tic a l ro ta t io n  o f ch ira l co m p o u n d s
As a result of the fundamental differences between magnetically induced polarization effects 
and field free polarization effects, the aforementioned approach can not be applied to the 
study of optical activity induced by chiral compounds. W ithout a magnetic field, the 
overal polarization rotation will cancel out during each round trip  through the cavity, 
thereby precluding the study of field free optical activity. In order to measure the field 
free polarization rotation, the direction of the optical rotation must be reversed upon each 
reflection at the cavity mirror. This can be accomplished by placing a quarter-wave plate 
in front of each cavity mirror. The path  length in which the optical rotation takes place is 
determined by the separation between the two intracavity quarter-wave plates. It is evident 
th a t these intracavity components must have a highly efficient antireflection coating.
Vacarro and co-workers [35] used this approach to measure the optical rotation and the 
differential absorption induced by chiral compounds in the gas phase. A calcite prism and 
a multiple-order quarter waveplate were used to produce laser light with a well-defined 
circular polarization. A quarter waveplate and a prism placed behind the exit m irror of 
the cavity projected the light exiting the cavity into two orthogonal components, which 
were detected by two PM T ’s. Both the detected signals displayed rapid oscillations su­
perimposed on the decay curves. These oscillations result from the change in polarization
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Figure 2.6: PD-CRD dispersion spectrum in the region of the PP (1,1) transition in 
the A band of molecular oxygen at 200 mbar. Measurements are performed in a 3 cm 
cavity which is placed in a magnetic field of 1.5 T. The magnetic field, which is parallel 
to the cavity axis, splits the transition into two components. The two small dispersion 
curves belong to the PO(l, 2) transition, which becomes allowed through magetic field 
induced mixing with the PP (1,1) transition. The dispersion curves are labeled with the 
quantum numbers of the X 3X-  state. Figure reproduced from G. Berden, R. Engeln, 
P.C.M. Christianen, J.C. Maan, and G. Meijer, Phys. Rev. A  58, 3114 (1998).
upon each round trip  in the cavity, and their period is a measure for the amount of optical 
rotation. W ith this experimental technique Vacarro and co-workers dem onstrated a sensi­
tivity of 4x10-8 rad cm-1 . They determined the specific rotation at 355 nm for a-pinene, 
,0-pinene, ds-pinane, limonene, fenchone, and propylene oxide. From a comparison of their 
results with the results of solution-phase measurements, they concluded th a t solvent effects 
can be significant and nonintuitive.
2 .2 .7  C R D  sp e c tro sc o p y  on  su rfaces , th in  film s, liqu ids, a n d  so lids
Although most CRD experiments have been performed on gas phase species, there are a 
few studies which report a successful extension of the CRD technique for the application 
on solids. Schemes have been developed for measuring dichroism in an optical element [15], 
magnetic rotation in optically transparent solids [34], phase retardences of high-reflective 
mirrors [36], absorption in th in  solid films [37], and absorption at surfaces [38].
Le Grand and Le Floch [15] measured the residual reflectivity of an AR coated quarter 
wave plate by placing this plate in a cavity which was formed by a plane input mirror and 
a concave (r= -300 cm) mirror. The reflectivity of the mirror coatings was greater than
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0.999, and their spacing was made large (270 cm) in order to have decay times as long 
as possible. In front of and behind the cavity they placed linear polarizers. Inserting the 
quarter wave plate in the cavity reduced the decay time to about 500 ns. The quarter wave 
plate, which acts itself as a Fabry-Perot etalon, was tilted such th a t one of the (incident) 
polarized light directions had maximum transmission, while the orthogonal polarization 
component had a minimum transmission. The decay time of the ‘resonant’ polarized light 
was 830 ns, while the decay time of the ‘anti-resonant’ polarized light was 360 ns. Since 
the difference between the cavity losses in both directions is proportional to the reflectivity 
of the quarter wave plate, they determined the residual reflectivity to be 0.35 % .
If an optically transparent sample is placed inside the cavity in such a way th a t all 
resulting cavities are optically stable, reflections from the surface of the sample will remain 
in the ring down cavity and thus will not be noticed as overall losses from the cavity. Of 
course, compared to the empty cavity there will be additional losses due to, for example, 
absorption in the solid and reflections of the sample which can no longer be captured in 
the ring down cavity.
We have used this approach to measure the polarization rotation as a result of the 
Faraday effect in a 2 mm thick optically flat BK7 window using the PD-CRD scheme (see 
Fig. 2.5) [34]. In order to avoid any interferences with ambient air (especially oxygen), 
the first polarizer, the ring down cavity with the sample, and the coils tha t produced the 
magnetic field were placed inside vacuum. At a wavelength of 618.79 nm, the ring down 
time of the cavity with sample and no magnetic field was about 700 ns. Thus light passed 
through the sample about 1100 times in one decay time. By measuring the difference 
signal given by Eq. 2.6 as a function of magnetic field strength (0-6 mT) we were able to 
determine the Verdet constant of this BK7 window (at a magnetic field strength of 2 m T 
the polarization rotation was about 2 -10 -5  rad/passage).
The same approach has been used to record the absorption spectrum  of a 20-30 nm 
thick C60 film deposited on a 3 mm thick ZnSe substrate in the 8.5 ¡im region [37]. The ring 
down cavity is formed by two identical planoconcave mirrors (radius of curvature r = - 1  m) 
placed at a distance d of 36 cm apart. Tunable pulsed radiation was obtained from an 
infrared free-electron laser. The measured decay time of the empty cavity at 8.5 ¡im was
5.6 i s  implying a reflectivity of 0.9998. Inserting the optically flat ZnSe window (without 
C60 film) reduced the decay time to 2.2 i s .  Absorption of the thin film caused an additional 
loss determined by kI / d, in which k is the absorption coefficient and l the thickness of the 
film. The absorption spectrum  of the 20-30 nm thick C60 film recorded between 8.1 and 
8.9 im  showed a resonance at 8.45 ¡im which is one of the four IR active fundamental 
modes of C60. The peak absorption is 0.24 ¡im~l and the FWHM was about 0.1 ¡im.
The aforementioned approach requires th a t the sample is optically transparent. Pipino 
et al. have placed a fused-silica Pellin-Broca prism with ultra-sm ooth facets under Brew­
ster’s angles in the ring down cavity [38]. Surface processes at the plane of total-internal 
reflection (TIR) of the prism have been probed by CRD through absorption of the as­
sociated evanescent wave by a sub-monolayer of adsorbed iodine. This is a successful 
demonstration of the combination of attenuated to tal reflectance spectroscopy (which us­
es evanescent waves for probing optical absorptions) with CRD spectroscopy. Pipino et
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al. determined a minimum detectable coverage of 0.04 monolayer of iodine at 625 nm. 
The same group has theoretically outlined tha t, by using a total-internal reflection mini­
cavity, absorption spectra of either thin solid films or species in solution are measurable via 
evanescent wave absorption spectroscopy [39]. Since this setup does not require ultrahigh 
reflectivity dielectric mirrors generally used in CRD, it can be used in a much broader 
wavelength range. This is especially advantageous for spectroscopy on liquids and solids 
which often have broad spectral features. Such a TIR  mini-cavity requires optical m ate­
rials with low bulk-losses and ultra-sm ooth polished surfaces. Recently, Pipino reported 
the first successful experiment [40]. He used a 7.5 mm x 7.5 mm x 5.0 mm square fused 
silica cavity, with facets which were polished to 0.05 nm rms surface roughness. One facet 
was convex (2.23 cm radius of curvature) in order to form a stable optical resonator. Light 
enters and exits the ring cavity by photon tunneling through coupling prisms. The losses 
of this cavity were dominated by bulk-losses; the ring down time ranged from 200 ns at 
450 nm up to 1.3 i s  at 580 nm. In the actual experiment, one facet had been exposed 
to iodine vapor, and the ring down times of s and p  polarized light were measured at a 
wavelength of 580 nm. Both polarizations showed a decrease in decay time as a result of 
optical absorption of iodine in the evanescent field. The decrease for the s polarized light, 
however, was larger, suggesting th a t the iodine molecules are preferentially oriented with 
their molecular axis parallel to the surface of the cavity (since in this transition the tran ­
sition dipole moment of iodine is along the molecular axis). For applications th a t do not 
require a broad band width, Pipino designed a different monolithic cavity consisting of two 
ultra-high-reflection coated planar surfaces, thereby facilitating the in- and outcoupling of 
the light, and one convex surface acting as a TIR  mirror [41].
2 .2 .8  Q u a n ti ta t iv i ty  a n d  s e n s itiv ity  o f C R D  sp ec tro sc o p y
The absorption coefficient is obtained from a CRD spectrum  after subtracting the cavity 
loss measured without the absorber. In practice, however, one determines the cavity loss 
without absorber from the baseline in the spectrum. Thus, rewriting Eq. 2.3,
^  l _  1 1 _  T0 -  Tk(v)-  = ----------- = --------- , (2.7)
d CT CT0 CT0T
in which t 0 is the decay time measured without absorber [23]. This equation shows th a t 
measuring the absorption coefficient simply involves the determ ination of two time con­
stants. Furthermore, it shows th a t for a simple static cell experiment where l=d  the 
absorption coefficient does not depend on the actual length of the cell. Therefore, the 
quantitativity of a CRD experiment is determined by the accuracy with which the ring 
down times can be determined.
The minimum detectable absorption in CRD spectroscopy depends on the reflectivity 
R  of the mirrors and on the accuracy in the determ ination of t  [20];
(k (v)l)min =  (1 -  R) (  — )  • (2.8)
V T / min
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It should be emphasized th a t R  in this equation is in fact R ef f  which is smaller than  (or 
equal to) the reflectivity of the mirrors (see Sec. 2.2.1). Equation 2.8 shows an attractive 
feature of CRD spectroscopy: in order to achieve high sensitivity in the absorption mea­
surement, only a rather low accuracy in the time measurement is needed. For example, 
an accuracy for the determ ination of T of only 1 percent combined with a 10 cm long 
cavity consisting of mirrors with a reflectivity of 99.999 % leads to a minimum detectable 
absorption of 10-8 cm-1 .
The obtainable accuracy of t  is determined by many factors, for example, the laser 
system (bandwidth, modes and power), cavity (mirror reflectivity and modes), detector, 
data  acquisition and data analysis. In most of the reported CRD experiments the accuracy 
of T is on the order of a percent, which is due to multimode excitation of the ring down 
cavity (see Sect. 2.2.3). The sensitivity of CRD spectroscopy can thus be increased by 
single mode excitation of the cavity.
This single-mode approach has been dem onstrated by Van Zee et al. [23]. Their 
pulsed laser system (an injection-seeded pulsed OPO) had a bandw idth of about 115 MHz 
(FWHM). In order to be able to excite only one cavity mode, the cavity length should 
be rather short. The combination of a 10.5 cm long cavity and a mirror curvature of 
20 cm gave longitudinal and transverse mode spacing of 1.5 GHz and 500 MHz, respective­
ly. Mode matching optics maximized the coupling into the lowest-order transverse mode 
(TEM 00). In this geometry, a single longitudinal mode could be excited, which led to a 
single exponentially decaying ring down transient. The relative standard deviation A t / t 
of 0.03 % in the ring down time extracted from a fit to an individual ring down curve was 
found to be identical with th a t for an ensemble of hundred of independent measurements. 
CRD absorption spectra of the PQ(9) transition of the A  band of molecular oxygen were 
obtained by simultaneously scanning the laser and the cavity length. A noise-equivalent 
absorption coefficient of 5x10-10 cm-1 Hz-1/2 was demonstrated. Furthermore, Van Zee 
et al. showed th a t the standard deviation for repeated measurements of the line strength 
was less than  0.3 % [23].
Summarizing, CRD spectroscopy offers a sensitivity of 10-6-10-9 cm-1 Hz-1/2 with a 
rather simple experimental setup. The sensitivity can be increased by exciting a single 
longitudinal mode. This single-mode approach is experimentally more involved than  the 
‘norm al’ (i.e., multi-mode) CRD approach, which is due to the locking and simultaneously 
scanning of the laser and the ring down cavity.
2.3 C ontinuous wave CR D  spectroscopy
Excitation of a single longitudinal mode of the ring down cavity provides the best sensitivi­
ty. For pulsed CRD spectroscopy, this implies th a t a Fourier transform  limited pulsed laser 
should be used in combination with a short cavity (see Sec. 2.2.8). In this case, the length 
of the cavity (thus the modes) should be scanned simultaneously with the laser wavelength, 
in order to record a CRD absorption spectrum. An alternative is the use of cw lasers which 
have to be switched off in order to observe a ring down transient. The bandwidth of these 
lasers is very small (typically less than  a few MHz), therefore longer cavities can be used,
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resulting in longer ring down times. In the literature, CRD spectroscopy performed with 
cw laser is entitled cw-CRD spectroscopy, but it should be realized th a t this technique is 
in fact not a cw technique at all.
W hether pulsed CRD or cw-CRD should be used depends strongly on the application. 
Pulsed dye lasers and O PO ’s can be scanned over a large wavelength region. Furthermore, 
their power is high enough th a t non-linear conversion techniques (frequency mixing and Ra­
man shifting) can be used to extend the wavelength region to the ultraviolet and infrared. 
Continuous wave lasers, on the other hand, can only be scanned over small wavelength 
regions and are not (yet) available at all wavelength regions. The advantage of cw-CRD 
is the higher repetition rate and a higher spectral resolution than  can be achieved with 
pulsed CRD spectroscopy (the la tter is only true for multi-mode excitation of the cavity; 
when exciting a single mode, the resolution in both cw and pulsed CRD spectroscopy is 
only determined by the width of the very narrow cavity modes). An additional advantage 
is an increased energy build-up inside the cavity as the line width of the cw laser decreases. 
Higher intracavity energy results in higher light intensities on the detector, improving the 
signal-to-noise ratios on the ring down transients and therefore improving the sensitivity. 
Furthermore, compact, easy to use and rather inexpensive cw diode lasers th a t have low 
power consumption and do not require cooling, can be used, which are for example inter­
esting for trace gas detection applications at remote locations. A drawback, on the other 
hand, is th a t the simplicity of the experimental setup is abandoned, even when u ltra  high 
sensitivity is not needed.
2.3.1 E x p e r im e n ta l  schem es
In cw-CRD spectroscopy, this additional complexity arises from the fact th a t the spectral 
overlap between the laser frequency and the frequency of one of the cavity modes is no 
longer obvious. This logically emanates from the narrow line width of the laser (MHz) and 
the high finesse of the cavity (kHz width of the modes). A buildup of the intracavity field 
will only take place if the laser frequency and a cavity mode are in resonance, for which 
there are several ways to proceed.
For the measurement of the reflectivity of the cavity mirrors, Anderson et al. used the 
occasional coincidences of a He-Ne laser with one of the cavity modes [2]. W hen the light 
intensity inside the cavity exceeded a predefined threshold, a triggering system switched 
a Pockels cell th a t interrupted the laser and started  the data-acquisition for recording the 
ring down transient. In a more controlled way, the cavity length is slowly scanned with a 
piezoelectric transducer, which allows for repeated measurements (see e.g., Le Grand and 
Le Floch [15], and Rempe et al. [42]).
This approach has also been used by Romanini et al. for measuring cw-CRD absorp­
tion spectra [6]. The cavity length was piezoelectrically modulated in order to let one 
of the cavity modes oscillate around the laser line. W hen the light intensity inside the 
cavity exceeded a predefined threshold, an acousto optical m odulator turned off the laser 
beam, followed by a measurement of a ring down decay. Since they used transverse mode 
matching, only the TEM 00 modes could have sufficient intensity build-up to trigger the 
data  acquisition system. A feedback circuit measured the distance of the position of the
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mode responsible for the ring down transient with respect to the center of the modulation 
range and provided a correction voltage to the piezo-electrical transducer. In this way they 
were able to record ring down transients at a rate of 200 Hz while the laser was scanned in 
wavelength. W ith this cw-CRD method, Romanini and co-workers measured a part of the 
C2H2 overtone spectrum  around 570 nm, using a cw ring dye laser, with a sensitivity of 
10-9  cm - 1  [43]. Using an external cavity diode laser around 775 nm, they dem onstrated a 
sensitivity of 2 x 10 -10  cm-1 , and they recorded part of the rotationally and vibrationally 
cooled spectrum  of NO2 in a slit nozzle expansion [44]. In the jet experiment, their tracking 
system had problems with sudden fluctuations of the cavity length owing to mechanical 
vibrations of the pumping system. Note tha t the tracking system is not needed if the 
modulation of the cavity length is slightly more than  one free spectral range and if the 
modulation speed is not too slow [44, 45]. Instead of m odulating the cavity modes, one 
can also modulate the frequency of the laser [44, 46]. However, this approach can only be 
used if the width of the absorption features is much larger than  the free spectral range of 
the cavity. This scheme is, for example, attractive when external cavity diode lasers are 
used to detect absorptions at atmospheric pressure [46].
The above mentioned cw-CRD scheme in which the cavity length is modulated, can 
also be used without an optical switch. W ith a piezo-electric transducer, Hahn et al. swept 
a cavity mode into resonance with the laser [47]. When the intensity on the detector 
exceeded a predefined value, a switching circuit was triggered which discharged the piezo­
electric transducer. In this way, the cavity length changed a quarter wavelength in 1 is ,  
causing the cavity mirror to move off resonance within a few nanoseconds. The mirror 
was held at this off-resonance position until a complete ring down transient was recorded. 
Although no acousto optical m odulator or pockels cell was used, Hahn et al. still needed a 
switching circuit [47]. He and Orr used only the rapidly swept cavity [48]. The resonance 
frequency of the cavity was swept continuously through the laser frequency on a time scale 
th a t is much shorter than  the ring down time of the cavity. A time gate was used to select 
one resonance during each single sweep for display on the digitizing oscilloscope. The 
measured transient started with a rapid increase of intensity, when the cavity mode comes 
into resonance with the laser frequency. Then, the mode scans out of resonance, and the 
ring down decay starts. In the early part of the decay, oscillations were observed, which 
limited the determ ination of the ring down time to the last part of the decay transient. 
These oscillations are caused by the beating between the laser frequency and the cavity 
mode frequency, which is Doppler shifted owing to the moving mirror (see Poirson et al.
[49], and references therein, Hahn et al. [47], and He and Orr [48]). In fact, from these 
oscillations one can determine, in specific cases, the velocity of the moving mirror [50] and 
the finesse (and thus the losses) of the cavity [49].
Paldus et al. did not scan the cavity modes into resonance with the diode laser line, but 
instead they used a quasi-continuum mode structure (see Sec. 2.2.3 and 2.4) to enhance 
the incoupling efficiency [51]. In this way, repetition rates up to 50 kHz could be achieved. 
However, higher order transverse modes were excited, limiting the accuracy in the deter­
mination of the ring down time. Nevertheless, their initial experiments showed already a 
sensitivity which is comparable with most pulsed CRD studies, and a tracking system was
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obviously not needed.
W hen the cw laser is in resonance with the cavity mode, a large fraction of the light, 
depending on the bandw idth of the laser with respect to the width of the cavity modes, 
is coupled into the cavity, but also a large amount of light is coupled out of the cavity in 
the direction of the detector and in the direction of the laser. This strong optical feedback 
induces mode hops (jumps in wavelength) of the laser, thus breaking the resonance and 
causing irregularities in the wavelength scan. Therefore, an optical isolator is needed 
between the laser and the cavity. The acousto optical m odulator which also turns off the 
laser beam can be used for this purpose [6], but sometimes this m odulator alone does not 
give enough isolation and an additional Faraday isolator is used [44, 51].
Active locking of a cavity mode to the frequency of the laser, which would lead to higher 
and more reproducible intracavity energies and therefore less variation in the ring down 
times, is not straightforward since the laser has to be switched off in order to record a ring 
down transient.
Paldus et al. used a sophisticated scheme to record ring down transients while the cavity 
is locked to the laser [52]. The key concept is th a t the laser beam is split into two beams 
with orthogonal polarizations; one beam is used to lock the ring down cavity continuously 
to the laser, while the other beam is used to measure ring down transients. Their ring 
down cavity consisted of three mirrors. In this way, the optical feedback from the ring 
down cavity was absent. Furthermore, the orthogonally polarized light beams will now see 
different mirror reflectivities as they are incident under non-normal angles. Consequently, 
the cavity will have different finesses for both  beams. The low-finesse resonator was used 
for the locking of the cavity to the laser mode, while the high-finesse resonator was used 
to perform cw-CRD spectroscopy. Both polarized beams are simultaneously resonant in 
the cavity, and the cavity can, therefore, be continuously locked to the laser even when the 
beam used for CRD is switched on and off by an AOM. The decay transient was detected 
and analyzed in the usual way, but an improvement of the sensitivity can be obtained by 
using optical heterodyne detection [53]. Despite the greater complexity involved in this 
active locking approach, it is a promising way to achieve higher sensitivities (see Spence et 
al. [54], and Sec. 2.3.2).
Recently, Ye and Hall presented a scheme th a t offers a quick comparison of on- and 
off-resonance information [55]. Two cavity modes, one probing the empty cavity losses and 
the other probing the to tal cavity losses (including molecular absorption), were excited 
simultaneously. The intensities of the modes were temporally out of phase, with one mode 
decaying and the other rising. This was achieved with two acousto optical modulators th a t 
also provided the necessary frequency offset. Heterodyne detection between the two modes 
yielded the molecular absorption.
2.3.2 S e n s itiv ity
Exciting a single longitudinal mode of the ring down cavity provides the best sensitivity, 
just like in pulsed CRD spectroscopy (see Sec. 2.2.8). By locking the cavity to the laser 
line, the energy build up in the cavity is high, which results in a high intensity on the 
detector which records the ring down transient, thus improving the signal-to-noise ratio.
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W ith a locked cavity consisting of three mirrors with a reflectivity of R=0.9993, Paldus 
et al. achieved a sensitivity of 5x10 -9  cm - 1  [52]. Although the repetition rate could in 
principle be more than  10 KHz, the actual repetition rate was only a few 100 Hz, limited 
by the acquisition speed of the digitizing electronics. Furthermore, the sensitivity of their 
spectrometer was limited by electronic noise imposed by the detection electronics (for 
example, the digitizer).
Recently, this setup has been spectacularly improved by using an analog detection 
scheme [54]. W ith this improved CRD spectrometer, they achieved a sensitivity of 8 .8 x 10-12  
cm - 1  Hz-1/2  for the detection of CO2 around 1064 nm. The cavity round trip  path  was 
42 cm, and the ring down time of the empty cavity was 2.8 is .  The switching speed of 
the AOM, used for turning the laser beam on and off, was 80 kHz. Note th a t mirrors of 
modest reflectivity were used in order to obtain not too low intensities on the detector.
Van Zee et al. compared, very generally, the sensitivities which can be obtained with 
single mode pulsed and cw-CRD spectroscopy [23]. Their conclusion is tha t, in principle, 
the highest sensitivity can be obtained when a cw laser with a very narrow bandwidth is 
used. This is mainly due to the more efficient coupling of light into the cavity. Obviously, 
a real comparison between pulsed and cw-CRD spectroscopy is very difficult since detailed 
knowledge is needed of all components of the spectrometer.
2 .3 .3  A p p lic a tio n s
Continuous wave CRD spectroscopy is suitable for ultra  high resolution spectroscopy of 
molecules and clusters in a supersonic expansion. In general, je t spectra are much simpler 
to interpret than  spectra recorded in a cell, because of the reduced Doppler width of the 
rovibrational transitions and reduced number of spectral lines as a result of rotational and 
vibrational cooling. For example, Hippler and Quack recorded the jet-cooled spectrum  of 
the v2+2v3 combination band of methane [56], and Biennier et al. recorded the rotationally 
resolved spectrum  of an electronic transition of the O2 dimer [57].
An additional advantage of cw-CRD spectroscopy is the high intracavity power which 
can be achieved, which offers the possibility to study non-linear effects [58, 59]. Romanini et 
al. recorded the absorption spectrum  of NO2 in a jet, using a 2 W single-mode Ti:Saphire 
laser [58]. The power in their ring down cavity was about 20 W, which allowed them  
to observe saturation effects such as decreased absorption and Lamb dips. It should be 
noted, however, th a t such non-linear effects have also been observed with pulsed CRD 
spectroscopy [60, 61].
Furthermore, cw-CRD spectroscopy can also be used for trace gas detection. For ex­
ample, Campargue et al. dem onstrated the sensitive detection of SiH2 in a discharge [62]. 
In this context, the development of compact and low-cost diode lasers is im portant. Since 
only one (or a few) rovibrational transitions of a trace gas molecule need to be monitored, 
the limited spectral region in which a single diode laser operates is not a disadvantage. For 
example, with a multiplexed diode laser system consisting of two diode lasers operating 
at 1391 nm and 1402 nm, Totschnig et al. could measure, simultaneously, methanol and 
isopropanol in a cell with a sensitivity of 2.4x10 -9  cm - 1  for a 4.3 s averaging time [63] .
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2.4 C avity Enhanced A bsorption spectroscopy
Cavity ring down spectroscopy with cw lasers can also be performed without temporal 
analysis of the ring down transient. In phase shift cavity ring down spectroscopy (PS-CRD), 
the absorption coefficient is extracted from a measurement of the wavelength dependent 
phase shift th a t an intensity modulated cw light beam experiences upon passing through 
a high finesse optical cavity. This technique has been developed by Herbelin et al. for 
measuring mirror reflectances near unity [1]. Engeln et al. have used this technique to 
record the absorption spectrum  of the 7  band of 18O2 [5].
In this experiment, the output of the cw laser was passed through an electro optical 
m odulator th a t sinusoidally modulated the light intensity. The intensity modulated light 
was coupled into the optical cavity. No mode matching optics were used, and the separation 
of the mirrors was chosen such th a t a very dense (near-continuum) mode spectrum  was 
obtained (see Sec. 2.2.3). In this way, the incoupling efficiency of the light was maximized. 
The inner diameter of the 45 cm long cavity was 8 mm, reducing the to tal volume of the 
cell to only 25 cm3, providing a way to save on the rather expensive isotopic oxygen. The 
intensity of the light tha t leaked out of the cavity was detected with a PM T placed closely 
behind the optical cavity in order to ensure th a t all cavity modes were detected with an 
equal probability. The phase shift $  of this signal is directly related to the cavity ring 
down time t  via ta n $  =  Q t , where Q is the angular frequency of the modulation. This 
phase shift was determined with a fast lock-in amplifier.
The independence of intensity fluctuations allows the PS-CRD absorption m ethod to 
be performed in optical cavities without any length stabilization. The sensitivity of this 
technique is comparable with th a t of multi-mode pulsed and cw-CRD techniques. Since 
no fit of the ring down transient is required, PS-CRD can easily be performed with analog 
detection electronics. In PS-CRD spectroscopy the decay time of the light in the cavity 
is obtained via a measurement of the phase shift. Instead of an optical switch, which is 
needed in cw-CRD spectroscopy, one now needs an electro optical modulator.
In cavity enhanced absorption spectroscopy, no switch or m odulator is used. Laser light 
is coupled into the cavity via accidental coincidences of the light with the cavity eigenmodes, 
and the tim e-integrated intensity of the light leaking out of the cavity is measured. In our 
preliminary experiments, this CEA scheme was used to record the P A (1) transition of the 
oxygen 7  band with a single mode ring dye laser [34]. A detailed description of the CEA 
technique together with a description of relevant experimental details has been given by 
Engeln et al. [64]. In short, the key concept is th a t the frequency of the laser should be 
in resonance with each cavity mode equally long. This can easily be done by scanning the 
frequency of the laser so fast th a t the interaction time is determined by the scanning speed 
of the laser, and not by the instability of the cavity. Alternatively, the laser can be scanned 
slowly while the cavity mode structure is scanned by moving one of the cavity mirrors.
Although we have named this experimental scheme cavity enhanced absorption spec­
troscopy, in order to distinguish it from CRD spectroscopy, it is not the same as cavity 
transmission spectroscopy (which is also named CEA spectroscopy). In cavity transm is­
sion spectroscopy, the laser frequency is locked to the frequency of a cavity mode, and 
the transmission through the cavity is recorded as a function of the frequency (see e.g.,
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Ye et al. [65], Inbar and Arie [66], and Nakagawa et al. [67]). The high finesse cavi­
ty is used to enhance the detection of absorptions, since its transmission is sensitive to 
small variations in the absorption inside the cavity. The essential difference from CRD 
spectroscopy is th a t the resonance between laser and cavity mode is never broken. By 
combining cavity transmission spectroscopy with modulation techniques Ye et al. reported 
a sensitivity of 1x10-14 cm-1 using a cw Nd:Yag laser at 1.064 im  and a cavity with a 
finesse of 100000 [65]. This spectacular sensitivity is superior to th a t achieved with CRD 
spectroscopy. However, the technical requirements are very high. On the other hand, the 
‘crude’ CEA approach described in the next chapter is very simple and technically less 
demanding.
2.5 A pplications
By now (April 2001), more than  200 papers on CRD spectroscopy have appeared. Fig­
ure 2.7 shows the number of CRD papers as a function of the year of appearance (the 
numbers are taken from the reference list of this paper). It is evident tha t CRD spec­
troscopy is becoming a standard spectroscopic tool. This conclusion can also be drawn by 
looking at the titles of the papers; more and more papers appear with titles without the 
words ‘cavity ring down’.
Since this review is focused on the various experimental schemes of CRD spectroscopy, 
we shall only briefly mention the applications of CRD spectroscopy. Table 1 gives an 
overview of the literature. Care has been taken to make this table as complete as possible 
but, nevertheless, there might be papers th a t have escaped our attention.
Although the papers are listed according to the wavelength used in the reported studies, 
they can be categorized in three groups. The first group (labeled with ‘t ’) contains those 
papers which describe a particular CRD scheme, and contain CRD spectra demonstrating 
the specific technique. Papers reporting a spectroscopic study of a molecular system, 
belong to the second group (labeled with ‘s’), while papers which use CRD spectroscopy 
for the detection of species in a certain environment are in the third group (labeled with 
‘d ’).
From this table, several conclusions can be drawn. First of all, CRD spectroscopy 
has been performed in a quite large spectral region, from the UV (200 nm) to the IR 
(10 im ) , almost without gaps. Second, a large variety of atoms and molecules have been 
studied, including radicals, ions, clusters, and even molecules in the solid phase. Besides the 
detection of molecular absorptions, the technique has also been used to measure extinctions 
due to, for example, scattering and photodetachment. And third, CRD spectroscopy can 
be applied in many environments; in open air, cells, jets, discharges, and flames.
Very generally, one can say th a t reported detection sensitivities for all CRD schemes 
are in the 10-6-10-10 cm-1 range for multi-mode excitation of the ring down cavity, and in 
the 10-9-10-12 cm-1 range for single-mode excitation. This good sensitivity combined with 
a fairly simple experimental setup, makes these direct absorption techniques very powerful 
in many areas of research.
Cavity Ring Down spectroscopy 43
60
1988 1990 1992 1994 1996 1998 2000 
Year
Figure 2.7: The number of papers on CRD spectroscopy as a function of the year of 
appearance.
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Table 2.1: Overview of the CRD literature (April 2001). In the third column the 
following abbreviations are used: pulsed cavity ring down spectroscopy (CRD), evanescent 
wave (EW), continuous (cw), ring down spectral photography (RSP), cavity enhanced 
absorption (CEA), cavity enhanced magnetic rotation (CEMR), polarization dependent 
(PD), phase-shift (PS), polarimetry (CRDP), and Fourier transform (FT). In the fourth 
column, ‘t ’ indicates that this study describes a technique, ‘s ’ denotes a spectroscopic 
study, and ‘d ’ indicates that the CRD technique is used for trace gas detection.
Wavelength Molecule Technique t/s /d Environment Reference
205 nm NH3 CRD d Cell Jongma et al. [26]
206 nm CO CRD s Cell Jongma et al. [68]
214 nm CH3 CRD d Hot-filament reactor Wahl et al. [69, 70]
215 nm SÍH3 CRD d DC discharge plasma Boogaarts et al. [71]
215-233 nm CF CRD s/d Etching plasma reactor Booth et al. [72]
216 nm CH3 CRD d Hot-filament reactor Zalicki et al. [22, 73]
217 nm SiH3 CRD d Expanding Thermal Plasma Kessels et al. [231]
220-222 nm C2H5 CRD d Laser photolysis reactor Atkinson, and Hudgens [74]
221 nm SÍF2 CRD s/d Etching plasma reactor Booth et al. [72]
225-235 nm TNT CRD d Cell Usachev et al. [226]
225-238 nm C2H3 CRD s Laser photolysis reactor Fahr et al. [75]
227 nm AlF CRD s/d Etching plasma reactor Booth et al. [72]
237 nm CF2 CRD s/d Etching plasma reactor Booth et al. [72]
238-252 nm C3H3Cl2 CRD s/d Laser photolysis reactor Atkinson, and Hudgens [76]
238-252 nm C3H3ClBr, C3H3Br2 CRD s/d Laser photolysis reactor Atkinson, and Hudgens [76]
238-252 nm C3H4Cl CRD s/d Laser photolysis reactor Atkinson, and Hudgens [77]
242-244 nm O2 CRD s Cell Slanger et al. [78]
243-258 nm O2 CRD s Cell Huestis et al. [79]
245-253 nm OH CRD s Atmospheric laminar CH4/air flame Spaanjaars et al. [80]
250-282 nm S2 CRD s Flow reactor Wheeler et al. [81]
254 nm Hg CRD d Open air Jongma et al. [26]
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Wavelength Molecule Technique t/s /d Environment Reference
254 nm Hg CRD d Cell Spuler et al. [82]
254 nm Hg CRD d Cell /  open air Tao et al. [83]
265-270 nm C2H5O2 CRD d Laser photolysis reactor Atkinson, and Hudgens [74]
265-340 nm C2H5ONO2 CRD s/d Laser photolysis reactor Zhu, and Ding [84]
265-340 nm CraH2ra+iONO2, n=2-5 CRD s/d Laser photolysis reactor Zhu, and Kellis [85]
266 nm C6H5Cl, C6H4Cl2 CRD d Cell Vasudev et al. [86]
279-306 nm HClCO CRD s Cell Ding et al. [87]
280 nm Mg+ CRD d Inductively coupled plasma Miller, and Winstead [88]
283 nm Pb CRD d Inductively coupled plasma Miller, and Winstead [88]
283 nm Pb CRD d Graphite furnace Winstead et al. [89]
287-320 nm ClO CRD s Cell Howie et al. [90]
290-440 nm methylglyoxal CRD s Laser photolysis reactor Chen et al. [91]
298 nm OH CRD d Atmospheric CH4/air flame Meijer et al. [18]
298-317 nm SH, SD CRD s Flow reactor Wheeler et al. [92]
303-338 nm S2O CRD s Pulsed jet Müller et al. [35]
306 nm SH CRD s Flow reactor Wheeler et al. [93]
308 nm OH CRD d pulsed DC discharge Van Beek et al. [228]
308 nm OH CRD d Open air (heated) Jongma et al. [26]
308 nm OH CRD d Low pressure CH4/a ir flame Cheskis et al. [94]
308 nm OH CRD d Atmospheric flames Mercier et al. [95]
308 nm (C6H5)2NH CRD s Pulsed jet /  laser desorption Boogaarts, and Meijer [96]
310-330 nm c h 2c c h CRD s/d Laser photolysis reactor Atkinson, and Hudgens [97]
312 nm OH CRD d Low pressure CH4/a ir flame Lozovsky et al. [98]
315 nm CH CRD d Atmospheric flames Mercier et al. [99]
315 nm CH CRD d Low pressure CH4/a ir flame Derzy et al. [100]
316-339 nm BrO CRD s Flow reactor Wheeler et al. [101]
316-338 nm FCO CRD s Photolysis Howie et al. [102]
321 nm FCO CRD d Laser Photolysis reactor Ninomiya et al. [235]
330-350 nm C2H3O CRD s/d Laser photolysis reactor Zhu, and Johnston [103]
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Wavelength Molecule Technique t/s /d Environment Reference
334 nm NH CRD d Low pressure CH4/N O /air flame Derzy et al. [104]
334-379 nm C4 CRD s Pulsed jet /  slit nozzle discharge Linnartz et al. [105]
337-362 nm PtSi CRD s Pulsed jet /  laser vaporization Paul et al. [106]
339 nm BrO CRD d Laser photolysis reactor Ninomiya et al. [107]
340 nm Cl2 CRD d Laser photolysis reactor Atkinson, and Hudgens [74]
340-390 nm AuSi CRD s Pulsed jet /  laser vaporization Scherer et al. [108]
354 nm h n o 2 CRD s Cell Wang et al. [109]
355 nm Chiral compounds CRDP d /t Cell Müller et al. [35, 110]
355 nm aerosols CRD d Cell /  Mie scattering Sappey et al. [111]
365-385 nm AgSi CRD s Pulsed jet /  laser vaporization Scherer et al. [112]
370 nm C3H5 CRD s Laser photolysis reactor Tonokura et al. [113]
380-410 nm CuSi CRD s Pulsed jet /  laser vaporization Scherer et al. [114]
385 nm NaH CRD s Heat-pipe oven Lehr, and Hering [60, 115]
387 nm CH2CHCHO CRD s Pulsed jet Paulisse et al. [116]
404-412 nm Al2 CRD s Pulsed jet /  laser vaporization Scherer et al. [117]
415-530 nm C2H3 CRD s Laser photolysis reactor Pibel et al. [118]
418-470 nm IO CRD s Flow reactor Newman et al. [119]
427 nm WO CRD s Pulsed jet /  laser vaporization Kraus et al. [120]
430 nm CH CRD d Atmospheric flames Evertsen et al. [121, 122]
430 nm CH CRD d Diamond depositing flame Stolk, and Ter Meulen [123]
430 nm CH CRD d Expanding Ar/C 2H2 plasma Engeln et al. [124]
430 nm CH CRD d Low pressure CH4/O 2/A r flame Thoman, and McIlroy [125]
431 nm CH CRD d Hot-filament reactor Lommatzsch et al. [126]
435-571 nm HCN CRD s Cell Romanini, and Lehmann [16, 127]
435-571 nm HCN, H13CN CRD s Cell Romanini, and Lehmann [128, 129]
435-571 nm h c 15n CRD s Cell Romanini, and Lehmann [128, 129]
436-442 nm C2H2O CRD s/d Laser photolysis reactor Zhu, and Johnston [103]
438-452 nm NO2 CRD d Laser photolysis reactor Zhu, and Kellis [85]
444-455 nm C2H3 CRD s Laser photolysis reactor Tonokura et al. [130]
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Wavelength Molecule Technique t/s /d Environment Reference
445-458 nm IO CRD d Laser photolysis reactor Atkinson et al. [131]
453 nm Cu2 CRD s Pulsed jet /  laser vaporization O’Keefe et al. [132]
459 nm h c 7h CRD s Pulsed jet /  slit nozzle discharge Ball et al. [133]
460 nm Cr2 CRD s Pulsed jet /  laser vaporization Kraus et al. [134]
471 nm BiF CRD d Chemical reactor Benard, and Winker [135]
490-512 nm C5 CRD s Pulsed jet /  slit nozzle discharge Motylewski et al. [136]
496 nm C6H5O2 CRD d Laser photolysis reactor Yu, and Lin [137, 138]
496-530 nm C6H5 CRD s/d Laser photolysis reactor Yu, and Lin [137]
504 nm HC7H CRD s Pulsed jet /  slit nozzle discharge Ball et al. [139]
505 nm C6H5 CRD d Laser photolysis reactor Choi et al. [140]
505 nm C6H5 CRD d Laser photolysis reactor Yu, and Lin [141, 142, 143, 144, 138]
505 nm C6H5 CRD d Laser photolysis reactor Lin, and Yu [145]
505 nm C6H5 CRD d Laser photolysis reactor Park [146, 147]
505 nm C6H5 CRD d Laser photolysis reactor Nam et al. [148]
505 nm N+ CRD s Hollow cathode discharge cell Kotterer et al. [149]
505-602 nm C6H5O CRD d Laser photolysis reactor Yu et al. [150]
508 nm C6H5 CRD d Laser photolysis reactor Park et al. [151]
510 nm C6H5O2 CRD d Laser photolysis reactor Yu, and Lin [152]
522 nm h c 9h CRD s Pulsed jet /  slit nozzle discharge Ball et al. [139]
526 nm C6H, C6D CRD s Hollow cathode discharge cell Kotterer, and Maier [153]
526 nm C6H CRD t Pulsed jet /  slit nozzle discharge Motylewski, and Linnartz [154]
526 nm C6H, C6D CRD s Pulsed jet /  slit nozzle discharge Linnartz et al. [155]
532 nm H - CRD d Discharge plasma (photodetachment) Quandt et al. [156]
532 nm aerosols CRD d Cell /  Mie scattering Sappey et al. [111]
532 nm soot CRD d CH4/air flames Vander Wal, and Ticich [157]
532 nm grating CRD d Detection of laser induced grating Hemmerling, and Kozlov [158]
538 nm NH2 CRD d Laser photolysis NH3 Diau et al. [159]
538 nm NH2 CRD d Laser photolysis NH3 Yu, and Lin [142]
538 nm C2- CRD s/d Pulsed jet /  slit nozzle discharge Motylewski, and Linnartz [154]
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Wavelength Molecule Technique t/s /d Environment Reference
540 nm Cus CRD s Pulsed jet /  laser vaporization O’Keefe et al. [132]
540 nm I2 EW-CRD t Molecules at surface Pipino [41]
540-575 nm Cl2CS CRD s Pulsed jet Moule et al. [160]
540-650 nm HNO CRD s Cell Pearson et al. [161, 162]
540-650 nm ( ° 2)2 CRD s Cell Naus, and Ubachs [163]
540-650 nm Ar, N2, SF6 CRD s Cell /  Rayleigh extinctions Naus, and Ubachs [164]
552-627 nm C8H, C8D CRD s Pulsed jet /  slit nozzle discharge Linnartz et al. [165]
555-604 nm H2O CRD s Cell Naus et al. [236]
562-582 nm NO2 CRD d Cell Vasudev et al. [86]
566 nm O- , H- CRD d rf plasma reactor (photodetachment) Grangeon et al. [166]
566 nm particles CRD d rf plasma reactor (scattering) Grangeon et al. [166]
570 nm C2H2 CRD t Cell/Etalon Yoo et al. [31]
570 nm C2H2 cw-CRD t Cell Romanini et al. [6]
570 nm C2H2 cw-CRD t/d Cell Hahn et al. [47]
575-705 nm azulene CRD s Pulsed jet Ruth et al. [167]
579 nm SiH2 cw-CRD s/d Discharge cell Campargue et al. [62]
580 nm xOy O CRD s Cell Naus, and Ubachs [168]
580 nm I2 EW-CRD t Molecules at surface Pipino [40]
580 nm HC11H CRD s Pulsed jet /  slit nozzle discharge Ball et al. [133]
581-617 nm I2 CRD d Cell Kleine et al. [237]
582 nm HC9H CRD s Pulsed jet /  slit nozzle discharge Ball et al. [133]
590-620 nm 2-Butanol CRD s Cell Xu et al. [169]
600 nm C6H+, C6D+ CRD s/d Pulsed jet /  slit nozzle discharge Motylewski, and Linnartz [154]
600 nm HC6D+ CRD s/d Pulsed jet /  slit nozzle discharge Motylewski, and Linnartz [154]
600-620 nm H2O2 CRD s Cell Brown et al. [170]
600-633 nm C7H6SO CRD s Pulsed jet Ruth et al. [171]
604 nm C6H6 CRD s Heated cell Kleine et al. [172]
611 nm N+ CRD d Hollow cathode discharge cell Kotterer et al. [149]
613-619 nm HCO CRD d Pyrex reactor Ninomiya et al. [173]
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615 nm HCO CRD d Laser photolysis glyoxal Zhu et al. [174]
615 nm HCO CRD s/d Low pressure CH4/N 2/O 2 flame Scherer, and Rakestraw [175]
615 nm HCO CRD d Low pressure CH4 flame McIlroy [176]
615 nm HCO CRD d Laser photolysis reactor Cronin, and Zhu [177]
615 nm HCO CRD d Laser photolysis reactor Zhu et al. [178]
615 nm HCO CRD d Laser photolysis reactor Min et al. [179]
615 nm HCO CRD d Laser photolysis reactor Zhu, and Cronin [180]
615-621 nm HNO3 CRD s Cell Brown et al. [170]
615-654 nm C2H4A H 6A H 8 PS-CRD s Cell Lewis et al. [233]
615-654 nm C4H1O A H 12 PS-CRD s Cell Lewis et al. [233]
620-715 nm C10H, C10D CRD s Pulsed jet /  slit nozzle discharge Linnartz et al. [165]
622 nm CH2 CRD d Low pressure CH4/O 2/A r flame McIlroy [182]
623 nm NO2/NO 3 CRD d Laser photolysis reactor Brown et al. [181]
625 nm I2 EW-CRD t Cell Pipino et al. [38]
625-645 nm CH3CH2CH3 RSP t Cell Scherer [33]
627-635 nm N+ CRD s Hollow cathode discharge cell Aldener et al. [183]
628 nm O2 CRD t Cell /  Open air O’Keefe, and Deacon [4]
628 nm O2 CEA t Cell Engeln et al. [64]
629 nm O2 PD-CRD t Cell Engeln et al. [34]
629 nm O2 CEMR t Cell Engeln et al. [64]
630 nm xOy O CRD s Cell Naus et al. [184]
630 nm O2 CRD s/d Cell X £ e ç-k al 1 00 ]
630 nm I2 CRD t Cell Meijer et al. [18]
632 nm (O2)2 cw-CRD s Continuous jet Biennier et al. [57]
633 nm Chiral compounds CRDP d /t Cell Müller et al. [186]
635 nm 18O2 PS-CRD t/s Cell Engeln et al. [5]
639 nm CH3CCH CRD s Cell Campargue et al. [187]
639 nm Li2 CRD s Heat-pipe oven Labazan et al. [61]
645-680 nm
“booH0C1 CRD s Pulsed jet /  slit nozzle discharge Romanini et al. [188]
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654 nm H1C1H CRD s Pulsed jet /  slit nozzle discharge Ball et al. [133]
655-670 nm NO3 cw-CRD d Cell /  open air King et al. [189]
656 nm H CRD d Expanding Ar/C 2H2 plasma Van de Sanden et al. [190]
659 nm H2O cw-CRD t Open air Schulz, and Simpson [46]
662 nm NO2/NO3 CRD d Laser photolysis reactor Brown et al. [181]
688 nm O2 CRD t Cell /  Open air O’Keefe, and Deacon [4]
688 nm O2 CRD s Cell Seiser, and Robie [191]
688 nm xOy O CRD s Cell Naus et al. [192]
690 nm O2 CRD t Cell O’Keefe [17]
690 nm O2 CRD s Cell Xu et al. [185]
706-707 nm HC8H+, DC8D+ CRD s Plasma reactor Pfluger et al. [193]
718 nm HC13H CRD s Pulsed jet /  slit nozzle discharge Ball et al. [133]
720-750 nm 2-Butanol CRD s Cell Xu et al. [169]
730-755 nm H2O2 CRD s Cell Brown et al. [170]
752-758 nm HNO3 CRD s Cell Brown et al. [170]
762 nm O2 FT-CRD t Cell Engeln, and Meijer [29]
762 nm xOy O CRD s Cell Naus et al. [194]
762 nm O2 CRD s/t Cell in high magnetic field Berden et al. [14]
762 nm O2 CEA t Continuous jet Engeln et al. [64]
764 nm O2 CRD s/d Cell Xu et al. [185]
765 nm O2 CRD t Cell Hodges et al. [27]
765 nm O2 CRD t Cell Van Zee et al. [23]
770-778 nm CHF3 cw-CRD s Cell Romanini et al. [44]
776 nm N2O cw-CRD t Cell Romanini et al. [43]
785 nm NO2 cw-CRD t Continuous jet Romanini et al. [43]
797 nm NO2 cw-CRD s Continuous jet Romanini et al. [58]
812-819 nm H2O CRD d/s Atmospheric flames Xie et al. [195]
813 nm H2O cw-CRD t Cell Paldus et al. [51]
834 nm H2O cw-CRD t Open air Paldus et al. [52]
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834 nm H2O cw-CRD t Open air Levenson et al. [53]
940-960 nm 2-Butanol CRD s Cell Xu et al. [169]
1032 nm C2H2 cw-CRD t Cell Ye, and Hall [55]
1064 nm 2OC cw-CRD d Cell Inbar, and Arie [66]
1064 nm C2H2 cw-CRD d Cell Inbar, and Arie [66]
1064 nm CO2 cw-CRD t Cell Spence et al. [54]
1064 nm CO2 cw-CRD t Cell Levenson et al. [196]
1102  nm H2O CRD d Cell Ramponi et al. [197]
1270 nm O2 CRD s Cell Newman et al. [28]
1274 nm O2 CRD d Cell Miller et al. [230]
1285 nm N2O cw-CRD t Cell 5][4alteeHe
1285 nm N2O cw-CRD t Pulsed jet Hippler, and Quack [56]
1295 nm CHCl3 cw-CRD s Cell 8][4alteeHe
1299-1370 nm CH3O2 CRD s Laser photolysis reactor Pushkarsky et al. [198]
1299-1333 nm C2H5O2 CRD s Laser photolysis reactor Pushkarsky et al. [198]
1320 nm CO2 CEA t Cell O’Keefe et al. [199]
1327 nm H2O CEA d Cell O’Keefe et al. [199]
1331 nm CH4 cw-CRD s Pulsed jet Hippler, and Quack [56]
1391 nm CH3OH cw-CRD d Cell Totschnig et al. [63]
1402 nm (CH3)2CHOH cw-CRD d Cell Totschnig et al. [63]
1502 nm CF3O2 CRD s Cell Zalyubovsky et al. [227]
1508-1563 nm NH3 CEA s Continuous jet Berden et al. [200]
1509 nm OH, H2O CRD d Low pressure H2/O 2 flame Scherer et al. [201]
1518 nm NH3 CEA t Cell Engeln et al. [64]
1518 nm H2O CEA d Open air Peeters et al. [202]
1522 nm NH3 CEA d Open air Peeters et al. [202]
1530 nm CO2 cw-CRD t Cell He et al. [225]
1538 nm CO2 cw-CRD t Cell He, and Orr [48]
1538 nm CO2 CRD t Cell Baxter et al. [203]
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1547 nm C2H2 CRD d Cell Scherer et al. [204]
1769 nm (HCl)2 CRD s Pulsed jet Liu et al. [205]
2630-3330 nm (H2O)ra n = 2-8 CRD s Pulsed jet Paul et al. [206]
2700-3280 nm (CH3OH)ra n=2-4 CRD s Pulsed jet Provencal et al. [207]
2700-3570 nm (CH3CH2OH)ra n=2-4 CRD s Pulsed jet Provencal et al. [208]
2700-3570 nm (CH3(CH2)3OH)„ n=2-4 CRD s Pulsed jet Provencal et al. [208]
3100-3170 nm CH3 CRD d Low pressure CH4/a ir flame Scherer et al. [209]
3161 nm CH4, C2H2, H2O CRD d Low pressure flame Scherer et al. [201]
3280 nm 13CH4 cw-CRD d Cell Kleine et al. [210]
3280 nm 12CH4,13CH4 cw-CRD d Cell Dahnke et al. [211]
3290-3570 nm (HCOOH)2 CRD s Pulsed jet Ito, and Nakanaga [212]
3311 nm CH4 CRD t Cell Aniolek et al. [213]
3315 nm CH4 CRD d /t Cell Scherer et al. [204]
3570-3610 nm (D2O)2 CRD s Pulsed jet Paul et al. [214]
3570-4350 nm (D2O)ra n = 2-8 CRD s Pulsed jet Paul et al. [215]
5381 nm H2O CRD t Cell (Pulsed-stacked CRD) Crosson et al. [32]
5710-6450 nm arginine CRD s Pulsed jet Chapo et al. [216]
5990-6340 nm (H2O)ra n=2-4 CRD s Pulsed jet Paul et al. [217]
8460 nm C60 CRD t/s Thin solid film Engeln et al. [37]
8496 nm NH3 cw-CRD t Cell Paldus et al. [218]
10190-10690 nm C2H4 cw-CRD d Cell Mürtz et al. [219]
10530 nm C2H4 CRD t Cell Engeln et al. [30]
10530 nm C2H4 FT-CRD t Cell Engeln et al. [30]
10530 nm C2H4 CEA d Cell Peeters et al. [229]
10617 nm C2H4 cw-CRD t/s Cell Bucher et al. [59]
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Chapter 3
C avity Enhanced A bsorption  spectroscopy and C avity  
Enhanced M agnetic R otation  spectroscopy 1
A bstract
It is experimentally dem onstrated th a t a narrow band cw light source can be used in 
combination with a high finesse optically stable cavity to perform sensitive, high-resolution 
direct absorption and optical rotation spectroscopy in a simple experimental setup, using 
ideas from the field of cavity ring down spectroscopy. Light from a scanning narrow band 
cw laser is coupled into the cavity via accidental coincidences of the laser frequency with the 
frequency of one of the m ultitude of modes of the cavity. The absorption and polarization 
rotation information is extracted from a measurement of the time-integrated light intensity 
leaking out of the cavity as a function of laser wavelength.
1 Adapted from: R. Engeln, G. Berden, R. Peeters, and G. Meijer, Rev. Sci. Instrum  69, 3763 (1998).
62 Chapter 3
3.1 Introduction
The cavity ring down (CRD) technique has been described extensively in the previous 
chapter. The advantages and disadvantages of both  the pulsed CRD technique and the 
cw-CRD technique have been considered and it was concluded th a t depending on the appli­
cation and the goals of research, one technique is more preferable than  the other technique. 
Pulsed CRD spectroscopy offers the advantage of a broad wavelength region. Furthermore, 
the experimental setup is rather simple. In cw-CRD spectroscopy higher repetition rates 
and higher sensitivities than  in pulsed CRD spectroscopy can be achieved. Additionally, cw 
lasers have a narrow line width, therefore, enabling high-resolution spectral measurements. 
Furthermore, diode lasers are available th a t are very small in size and easy to handle. This 
allows for the use of cw-CRD spectroscopy in the field of (in-situ) trace gas detection.
In cw-CRD spectroscopy, the cavity geometry is chosen in such a way tha t the longi­
tudinal modes and the transversal modes are at isolated frequencies. Furthermore, mode 
matching optics are used to excite mainly the longitudinal cavity modes, which are used 
for the measurements of the decay transients in the experiment. W hen the optical cavity is 
merely used to perform efficient multi-passing along a well-defined line, as in pulsed CRD 
absorption spectroscopy, the only requirement for the light intensity inside the cavity is 
th a t a sufficient amount of light leaks out of the cavity (per unit time) such th a t it can 
still be detected with a good signal-to-noise ratio, w ithout being limited, for instance, by 
the noise of the detection system. In this case, one is allowed to use the coincidences of 
the frequency of one of the modes in the optical cavity with the frequency of the laser to 
couple light into the cavity. Obviously, the efficiency of coupling light into the cavity is 
determined by the m ultitude of modes tha t can be excited in the cavity in combination 
with the frequency-jitter of these modes relative to the laser frequency. A cavity with a 
quasi-continuum mode structure is obtained by choosing the mirror separation d within 
the stability regime, i.e. 0 < d < r, r < d < 2r (and r is the radius of curvature of the 
mirrors). It has been shown previously th a t an unstabilized cavity of this type enables 
efficient injection of (narrow band) light into the cavity [1, 2].
In this chapter we report on the use of narrow band cw light sources in combination with 
such an unstabilized cavity to perform cavity enhanced absorption (CEA) spectroscopy and 
cavity enhanced magnetic rotation (CEMR) spectroscopy. The radiation from a scanning 
narrow band cw laser is coupled into the cavity when the laser frequency is in resonance 
with one of the eigenfrequencies of the optical cavity. The absorption and polarization 
rotation information is extracted from a measurement of the time-integrated  light intensity 
th a t leaks out of the cavity. From a plot of the inverse of this intensity versus wavelength, 
the direct absorption and /or optical rotation spectra are obtained. Using diode lasers as 
well as a ring-dye laser, both the CEA and the CEMR technique are dem onstrated by 
recording the appropriate spectra for oxygen, water, and ammonia in a cell, as well as by 
recording the spectra of molecular oxygen in a slit-jet expansion.
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Figure 3.1: Scheme o f the experimental setup. Narrow band radiation from a rapidly 
scanning cw laser is coupled into an optical stable cavity when accidentally coincident 
with one o f the cavity modes. The time-integrated intensity is detected and displayed 
on a digital oscilloscope. The inset shows a typical time-resolved intensity pattern as 
recorded at the exit of a 45 cm long cavity, while scanning the laser over a 0.115 cm-1 
wide spectral region.
3.2 E xperim ental setup  and m easurem ent procedure
A scheme of the experimental setup is depicted in Fig. 3.1. As a light source we have used 
two single-frequency cw diode lasers (EOSI LCU 2010A and New Focus Model 6262) as 
well as an Ar+-laser pumped single-frequency cw ring dye laser (Spectra Physics 380). The 
diode module in the EOSI-laser covers the 750-780 nm region (up to 15 mW). The New 
Focus diode laser is tunable in the 1510-1590 nm region with 5 mW  maximum power. The 
ring dye laser is operated on DCM to cover the spectral region of the 7 -band of molecular 
oxygen around 628 nm and delivers typically 200 mW. Both diode lasers have an external 
cavity and can be scanned mode-hop free by piezo tuning the end mirror. The ring dye 
laser is scanned mode-hop free by changing the cavity length with two galvo-driven plates. 
During all the experiments reported here the lasers are repeatedly scanned over a spectral 
range of typically 1 cm -1  at a rate on the order of 5-100 Hz.
The narrow band cw laser radiation is coupled into a high finesse stable optical cavity, 
formed by two plano-concave mirrors with a diameter of 25 mm and a radius of curvature
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of -1  m and a specified optimum reflectivity of typically R>0.99. In the cell experiments, 
the mirrors act as windows for the cell. W hen using short cells (5-20 cm), the mirrors are 
directly flanged onto a stainless steel tube and no further alignment of the mirrors relative 
to each other is needed. Obviously, the cell as a whole is adjusted such as to couple in 
the laser-light efficiently. To avoid optical feedback from the cavity to the laser, the cell 
is positioned under a small angle with respect to the incoming laser beam  or a Faraday 
isolator is used. W hen using longer cavities (25-90 cm), independent alignment of the two 
mirrors is required. The light th a t leaks out of the cavity is detected by either a photodiode 
or a photo multiplier tube (PMT). The detector signal is amplified and displayed on a 
digital oscilloscope. To record wavelength spectra, the oscilloscope is used in x-y mode, in 
which the horizontal axis is triggered by the voltage ramp used to scan the laser and is 
therefore proportional to the laser wavelength. In the inset of Fig. 3.1 the light intensity 
leaking out of a 45 cm long empty cavity is shown as a function of the wavelength of the 
diode laser (around 765 nm; bandwidth several MHz). The horizontal axis corresponds to 
a to tal frequency range of 0.115 cm-1 , which is about ten Free Spectral Ranges (FSRs) 
of the optical cavity. During the wavelength scanning, which is linear in time, different 
transverse cavity modes are excited. As the (unstabilized) cavity will drift during scanning, 
the observed mode pattern  is not expected to repeat perfectly. It is observed th a t light is 
coupled into the cavity at an approximate rate of 104 times per second. This rate strongly 
depends on the detailed mode-structure of the cavity [2], in combination with the scanning 
rate of the laser and the frequency-jitter of the cavity modes, i.e. the ‘unstability’ of the 
cavity.
If one were to make a single scan, and were to probe the absorption spectrum  of species 
inside the cavity th a t way, it is evident from the inset, and it has been pointed out by 
others [3-5], th a t spectral features th a t are narrower than  the spacing between the modes 
(approximately 50 MHz in this particular example) would escape observation. In repeating 
this procedure over the same spectral region, and summing up the observed results, these 
‘gaps’ in the spectrum  can be filled up, however, via ‘random interleaved sampling’. It 
should be noted at this point th a t each of the cavity modes is rather narrow (around 100 
kHz in this case), and th a t the apparent width of the modes as observed in the inset is 
a mere reflection of the effective bandw idth of the laser during scanning, convoluted with 
the time-response of the optical cavity and the time-response of the detection system. The 
integrated intensity at each of the different modes depends linearly on the finite ‘resonance’ 
time of, a fraction of, the spectral profile of the laser with the cavity mode. As in this 
particular example the ‘resonance’ time is mainly determined by the scanning-rate of the 
laser, which should therefore be identical for all the different cavity modes, the remaining 
observed intensity differences have to be attribu ted  to different (diffraction) losses for 
different transverse modes. This also explains the observed repetition of the intensity 
pattern, in which the FSR of the cavity can still be recognized.
In a cw-CRD experiment, the absorption information is deduced from the time-dependen- 
ce of the intensity decay of an optical cavity when tuned away from resonance with the 
laser frequency. For this, a triggering system is required th a t actively controls when data 
taking has to start, together with fast detection electronics to record the decay transient
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Figure 3.2: Upper part: Calculated light intensity at the exit o f a 15 cm long optical 
cavity as a function of time. In the calculation, the spectral profile o f the laser is assumed 
to be a block-profile with a width o f 5 MHz, scanned at a rate o f 0.25 M H z/is . Calcula­
tions are performed for round trip cavity losses o f 2x 10-4 (t  = 5 ¡is) as well as for losses 
that are twice as big. Lower part: Calculated integrated light intensity exiting the 15 cm 
long cavity as a function o f the photon lifetime t  in the cavity, for three different values 
o f the scanning-rate o f the laser.
[6-8]. From the observed time-dependence the absolute value of the ‘ring-down’ time t (v ) 
is determined (see Eq. 2.3 in Sec. 2.2.1). In an experiment, the to tal cavity loss 1 /c t(v ) 
is plotted as a function of frequency, as this is directly proportional to the absorption co­
efficient k (v ), apart from an offset which is mainly determined by the finite reflectivity of 
the mirrors. To record a complete spectrum, the laser is scanned or stepped from the one 
frequency to the other, much like in a pulsed CRD experiment.
In the cavity enhanced absorption m ethod reported here, the laser is rapidly scanned in 
time and the signal on the detector is integrated over a time tha t, with a given scanning­
rate of the laser, is matched to the expected width of the spectral lines. Scanning the 
laser over 1 cm-1 at a 10 Hz repetition rate with an integration time of 1 ms, corresponds 
to a spectral integration over only 0.01 cm-1 . Several identical scans are summed on the 
oscilloscope to improve the measurement statistics. The data  on the scope are transferred 
via GPIB to a PC for further analysis. W hen the inverse of the time-integrated  detector
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signal is plotted versus the wavelength of the laser (vide infra) absorption spectra over the 
full scanning range appear directly on the screen in a fraction of a second!
In choosing the optimum experimental param eters several considerations are im portant. 
The width of the individual cavity modes, A v cavity, is rather small (in the tens of kHz range) 
for the high-Q optical cavities used in these experiments, and is actually considerably 
smaller than  the width of the spectral profile of the scanning laser. We assume in the 
following th a t the spectral profile of the laser is a block-function with a width Av¡aser ^  
A v cavity and is scanned linearly in time. W hen the laser is slowly scanned into resonance 
with a cavity mode, light intensity will gradually build up in the cavity. The exact time- 
dependence of this process can be described using, for instance, the formalism as outlined by 
Zalicki and Zare in Appendix B of their paper [3], and depends on the details of the spectral 
profile of the laser, the properties of the optical cavity and the scanning rate of the laser. 
The maximum intensity th a t can be reached inside the cavity is proportional to the spectral 
overlap of the laser profile with the profile of the cavity mode. As the spectral profile of 
the cavity mode is well approximated by a Lorentzian profile with a width proportional 
to the to tal cavity losses, i.e. proportional to 1 / t , and with an intensity proportional to 
t 2, the maximum intensity in the cavity is directly proportional to the ‘ring-down’ time 
t . The light intensity inside the cavity will converge to this limiting value, provided tha t 
the laser stays in resonance with the cavity mode sufficiently long, i.e. provided th a t the 
scanning-rate is small compared to the ratio of Av¡aser to t . W hen the laser is tuned out 
of resonance, the intensity in the cavity will exponentially decay in time, again governed 
by the time-constant t .
In the upper part of Fig. 3.2 the calculated time dependence of the light intensity 
behind a 15 cm long cavity, having round trip losses of either 2 • 10-4 ( t  =  5 ßs) or 
4-10-4 ( t  =  2.5 ßs), is shown. For these calculations a block-profile with a width of 5 
MHz and a scanning rate of 0.25 M Hz/ßs (~  8 cm-1 /s) is assumed for the laser. As 
the intensity-decay when the laser is tuned out of resonance w ith the cavity mode follows 
a strict ex p (-t/T ) time-dependence, it is evident th a t the time-integrated signal behind 
the cavity would be exactly proportional to t  if the intensity build-up would follow a (1- 
e x p (-t/T )) dependence. Although the la tte r is not strictly true, it is explicitly shown in 
the lower part of Fig. 3.2 th a t the tim e-integrated intensity nevertheless follows a linear 
T-dependence to a good approximation, and th a t this approximation gets better with lower 
scanning-rates. Experimentally there is also a lower limit to the scanning-rate, which is 
set by the requirement th a t all cavity modes should be in resonance with the laser more- 
or-less equally long, as otherwise large intensity fluctuations will occur. This implies tha t 
the scanning-rate has to be significantly higher than  the rate at which the cavity modes 
are jittering, or, alternatively, th a t one has to stabilize the cavity sufficiently to fulfill this 
requirement also for lower scanning rates. Even with the unstabilized optical cavities we 
used, there is a large ‘window’ of scanning-rates available in which both  requirements are 
fulfilled. It is evident from the curves in the upper part of Fig. 3.2 th a t the light is actually 
coupled into the cavity as efficient as when the cavity is actively locked to the laser. This, 
combined with the strongly relaxed requirements on the light intensity behind the cavity 
as now the to tal tim e-integrated signal is used to extract the absorption information from,
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makes th a t the power levels of commercially available diode lasers are more than  sufficient 
for these experiments.
In CEA spectroscopy, the absorption coefficient is given by,
more, this equation shows th a t the absorption coefficient is expressed in units of (1 -R )/l. 
Therefore, the intensity axis in a CEA absorption spectrum  of a sample, whose number 
density or absorption cross-section is not known, can only be obtained on an absolute scale 
when the mirror reflectivity is known. The mirror reflectivity can be determined in a CRD 
experiment, or can be calibrated by measuring the absorption of molecules w ith a known 
absorption cross section and number density. So, contrary to CRD spectroscopy, CEA 
spectroscopy is not a self-calibrating absorption technique. However, it should be empha­
sized th a t the CEA spectra are of comparable quality to those obtained via (multi-mode) 
pulsed CRD spectroscopy.
3.3 R esu lts and discussion
In Fig. 3.3 a part of the absorption spectrum  of the b 1 S+(v ' =  2) ^  X3£ - (v" =  0) band of 
O2 (7 -band), showing the bandheads of the RR and RQ branches, is shown as recorded with 
the cw ring dye laser in a 12 cm long cell filled with 200 mbar of molecular oxygen at room 
tem perature. The spectrum  is a compilation of three partly overlapping measurements, 
each covering about 1.5 cm -1  averaged over 100 scans. W ith a scanning rate of the laser 
of around 5 Hz, this implies an effective recording time of one minute. In the vertical 
direction, the inverse of the time-integrated intensity behind the cavity is plotted, w ith the 
baseline denoted as zero. The value of the baseline is proportional to (1-R)/d, since l= d  
in this cell experiment. If we extract the effective mirror reflectivity R from the measured 
spectrum  using the calculated population distribution of ground-state molecular oxygen 
and the known absorption cross-sections for these transitions [9], we deduce a reflection 
coefficient R=0.9998, in good agreement with independent CRD measurements [10]. The 
relative line intensities as observed in the spectrum  m atch calculated absorption spectra 
very well, thereby explicitly dem onstrating the viability of the data extraction procedure. 
It is worth noting th a t the noise-level on the baseline of the spectrum  is at the 10-3  level, 
as good as can be obtained in standard CRD experiments. As mentioned in the previous 
section, the time axis of the digital oscilloscope which is used to average the traces is 
triggered by the ramp voltage used for scanning the laser. To accurately determine the 
absolute frequency position as well as to be able to correct for possible non-linearities in 
the scanning, the well-known absorption spectrum  of I2 is recorded simultanuously. The 
line width of the oxygen transitions is 0.050 cm-1 , which is as expected from convoluting 
a Doppler broadened profile with a width of 0.035 cm -1  with a pressure broadened profile 
with a width of, under our experimental conditions, 0.024 cm -1  [11].
(3.1)
where S ( v ) is the recorded time-integrated intensity with absorbing species, S 0(v ) is the 
CEA signal without absorbing species (i.e. the baseline). This equation shows th a t an 
absorption spectrum  is obtained by dividing the baseline by the CEA signal. Further-
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F igure 3.3: Cavity enhanced absorption spectrum as recorded with 200 mbar molecular 
oxygen in a 12 cm long cell at room temperature, displaying the bandheads in the r R  
and RQ branches o f the b1S+(v/ =  2) ^  X3S~(v" =  0) transition.
As mentioned before, one can of course always deduce absolute absorption coefficients 
from the CEA spectra, when the species whose absorption cross-section or density is not 
known is measured simultanuously with a species with a known absorption coefficient. In 
Fig. 3.4 part of the CEA spectrum  of a mixture of 1.0 mbar H2O and a trace amount of NH3 
is shown, as measured with the diode laser around 1518 nm in a 90 cm long cell. Due to the 
lower reflectivity of the mirrors used in this setup (R ~  0.9992), the laser could be scanned 
over the approximate 0.7 cm-1 region at a rate of 100 Hz. The light tha t leaks out of the 
cavity is detected by a InGaAs photodiode detector and amplified with a 0.1 ms rise time 
amplifier. The spectrum  shown is the average over 1000 consecutive scans and is acquired 
in 10 seconds. The H2O transitions are the 651 ^  542 (I) and the 652 ^  541 (II) rotational 
transitions of the (1,1,3) ^  (0,0,0) vibrational band, and have integrated absorption cross­
sections of 1.13 x 10-24 cm-1cm2/mole and 3.39 x 10-24 cm-1cm2/mole, respectively [12]. 
Peaks III to V in the spectrum  are all due to NH3 but are as yet unassigned. The absorption 
cross-section of peak V has been reported, however, as 1.21 x 10-21 cm-1cm2/mole [13], 
and a partial pressure of ammonia in our cell of 1.7 x 10-3 m bar is thus deduced. There 
are other NH3 lines in the tuning range of this diode laser with an order of magnitude 
larger cross-section. In view of the signal-to-noise ratio of the current spectrum, partial
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Figure 3.4: Part o f the CEA spectrum o f a mixture o f H2O with a trace amount o f
NH3 at a total pressure o f 1.0 mbar, measured in a 90 cm long cell at room temperature.
Transitions I  and II  originate from H2O the others originate from NH3.
pressures of 10-6 m bar of ammonia will be detectable in this setup on these more favorable 
transitions.
The limiting factor for the sensitivity of this CEA approach results from the residual 
mode structure which is visible on the baseline of the absorption spectrum  (see e.g., example 
Fig 3.3). In order to fully wash out this residual mode structure, an additional, preferably 
random, cavity mode jittering is required. The easiest way is to construct a mechanically 
unstable cavity and to make use of external vibrations. Another way is to scan both the 
laser wavelength and the cavity eigenfrequencies (see e.g., Chapter 6) [14]. W hen the laser 
wavelength is stepped or scanned slowly, the cavity eigenfrequencies are rapidly scanned.
The applicability of the CEA detection technique to molecular jets, is dem onstrated 
here by presenting absorption spectra of individual rotational lines of the b 1S+(v/ =  0) ^  
X3£ - (v/; =  0) band of expansion cooled molecular oxygen, using a diode laser around 
762 nm. A detailed spectroscopic study on jet-cooled ammonia, of which CEA spectra 
have been recorded in the 1.5 ^m  region, is reported in Chapter 5 [15]. A planar je t is 
formed by expanding a gas mixture of 30% O2 in Ar through a 40mm x 0.03 mm slit 
nozzle. At a stagnation pressure of 760 Torr a 1200 m3/h  rootspump (Edwards EH1200) 
backed by a 180 m3/h  rotary pump (Leybold SV180) reaches a background pressure of 0.5 
Torr [16]. The mirrors th a t form the optical cavity are now positioned 10 cm apart, with 
the cavity axis being along the long axis of the slit-nozzle, intersecting the jet within a few 
mm from the orifice. In Fig. 3.5 the CEA spectrum  of the PP 1(1) transition of molecular 
oxygen as measured in this planar jet is shown. The spectrum  is recorded by averaging
70 Chapter 3
f r e q u e n c y  (c m  1)
F igure 3.5: CEA spectrum o f the PP 1(1) transition o f the b1S+(v/ =  0) ^  X3X-  (v" = 
0) band o f 16Ü2 measured in a 10 cm long optical cavity positioned around a slit-jet 
expansion. The observed line width o f 270 MHz is due to residual Doppler broadening in 
the jet, and is less than the FSR o f the optical cavity.
over 500 scans with the laser scanning the 0.25 cm-1 spectral region at a 15 Hz rate, i.e. 
the spectrum  is recorded in approximately 30 seconds. A narrow line with a full width at 
half maximum of 270 MHz is seen on top of a broad background. The background signal is 
mainly a ttributed  to thermalized oxygen gas in the optical cavity outside of the expansion 
region. Contrary to CRD absorption spectroscopy, the CEA m ethod is sensitive to the 
intensity profile of the diode laser over the spectral region tha t is scanned, which in the 
present case gives an additional minor contribution to the structured background signal. 
The observed line width is in accordance with the width of 80 MHz th a t is observed in 
direct absorption measurements on C2H4 in a similar planar je t at roughly a factor four 
longer wavelengths [16]. The observed line width of 270 MHz is smaller than  the FSR of 
the optical cavity th a t is used, and the spectrum  therefore exemplifies th a t the ‘random 
interleaved sampling’ due to the frequency jitte r of the unstabilized, multimode, cavity can 
be rather efficient indeed.
The CEA detection technique reported here, can be used to measure optical rotation 
spectra, when a polarization analyzer is placed in front of the detector. Recently, Engeln et 
al. theoretically outlined and experimentally dem onstrated th a t polarization spectroscopy 
can be combined with pulsed CRD spectroscopy. In particular, they dem onstrated tha t 
the optical rotation of molecular oxygen placed in a magnetic field can be sensitively and 
quantitatively determined in such a pulsed polarization dependent CRD detection scheme
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(see also, Chapter 2) [10]. Using this same model system, i.e. the PA (1) transition of the 
7 -band of molecular oxygen in a magnetic field, we here demonstrate tha t sensitive cavity 
enhanced magnetic rotation spectroscopy can be performed as well. The experimental 
CEMR setup is only slightly different from the CEA setup described earlier. Prior to 
entering the optical cavity the laser beam passes through a Glan-Thompson polarizer with 
an extinction of 10-5  to better define the polarization state of the incoming light. The 12 
cm long optical cavity is filled with 200 m bar of oxygen and placed inside a magnet which 
produces an homogeneous magnetic field up to 0.88 T  over the whole length of the cell, 
perpendicular to the axis of the optical cavity (Voigt configuration). The polarization of 
the light th a t enters the cavity makes an angle 0 B =  45o relative to the direction of the 
magnetic field B . A second Glan-Thompson polarizer is placed between the end mirror of 
the cell and the detector. The polarization direction of the light th a t is transm itted by this 
analyzer makes an angle 0 D, relative to the polarization direction of the incoming light, 
and can be set with an accuracy of 0 .1°.
In Fig. 3.6 the inverse of the time-integrated light intensity passing through the ana­
lyzer is shown as a function of frequency in the spectral region of the P A ( 1) transition 
of the b 1S+(v/ =  2) ^  X3S - (v/; =  0) band of molecular oxygen for seven different val­
ues of the angle ÿ D. Each spectrum  is an average over 100 scans, measured with a 5 Hz 
repetition rate, and takes thus only 20 seconds to record. The vertical scale is the same 
for all seven spectra, and is only indicated as such for the uppermost spectrum, again in 
units relative to the baseline intensity. Engeln et al. dem onstrated in their study th a t for 
detection angles 0 D sufficiently far away from the crossed geometry, exponentially decay­
ing transients result which are exclusively sensitive to polarization dependent absorptions 
(magnetic dichroism) [10]. Both the upper two and the lower two spectra shown in Fig. 3.6 
meet this requirement reasonably well. To interpret these spectra, we can therefore direct­
ly adapt Eq. (6 ) of ref. [10] to our present situation, as the tim e-integrated intensity will 
again be proportional to the ring down time for the specific analyzer direction 0 D in this 
case. We thus find th a t the inverse of the tim e-integrated intensity is given by a term  th a t 
is approximately proportional to [«y(v) — k± (v ) ] / cos(0 D) on top of a baseline, in which 
K\\(v) and k± (v ) correspond to the absorptions polarized parallel (A M  =  ±1; outer two 
peaks) and perpendicular (A M  =  0; central peak) to the magnetic field, respectively [10]. 
This equation explains the observed sign difference between the two types of transitions, 
the intensity increase upon approaching 0 D =  90° as well the overall sign change upon 
passage through the crossed polarizer geometry.
The central spectrum  in Fig. 3.6, recorded with the crossed polarizer geometry, exclu­
sively shows the effect of optical rotation due to dispersion. If the polarizers are indeed 
exactly crossed, it is obvious th a t any polarization rotation is expected to lead to an in­
crease in the tim e-integrated intensity behind the cavity, contrary to the observation where 
both increasing and decreasing signals are observed. The observations can therefore on­
ly be explained when a slight polarization rotation induced by the mirrors is taken into 
account as well. If we assume that, apart from the contribution of the magnetic circular 
birefringence of molecular oxygen, the mirrors introduce a small phase shift between the 
two mutually orthogonal polarization directions, the observed spectrum  can be well un-
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F igure 3.6: Cavity enhanced magnetic rotation spectra o f the P^ (1 )  transition o f the 
b1S+(v/ =  2) ^  X3X- (vw =  0) band o f molecular oxygen as recorded in a magnetic field 
o f 0.88 T  (Voigt configuration) using a 12 cm long optical cavity filled with 200 mbar 
oxygen, measured as function o f the angle ÿ D.
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derstood. The remaining two spectra, recorded 1 degree away from the crossed polarizer 
configuration, contain all the possible contributions to polarization rotation th a t have been 
mentioned up to now, and are a weighed sum of the spectra th a t have been discussed.
3.4 O ther work
O ’Keefe et al. used the CEA technique to measure absorption spectra of CO2 and H2O 
in the 1.3 ^m  region, but they named it cw Integrated Cavity O utput Spectroscopy (cw 
ICOS) [17]. As a light source they used a narrow band diode laser, which made one single 
scan. The cavity mode structure was m odulated by either varying the position of one of the 
cavity mirrors with a piezo electrical transducer or by varying the angle of light injection 
using a piezo driven final turning mirror while keeping the cavity mirrors fixed. The results 
of both  approaches turned out to be identical. Furthermore, they observed an amplitude 
modulation in the spectra (residual mode structure), which they got rid of by applying 
a small modulation in the diode laser frequency. It should be noted, th a t although they 
also conclude th a t the time-integrated signal is proportional to t , their interpretation and 
reasoning for this is different from ours. Furthermore, it is not shown how they generate a 
CEA absorption spectrum  from a measured (‘raw ’) spectrum.
Barry et al. have performed CEA measurements on methane in the 1.73 ¡im  region [18] 
and claim a sensitivity of 1.8x 10-7cm-1Hz-1/2 using mirrors with R=0.9984. They treat 
CEA spectroscopy and cw ICOS as two different experimental techniques, and use a data 
handling algorithm th a t is different from ours to create CEA absorption spectra from the 
‘raw ’ data. Due to their da ta  handling algorithm strong absorptions (k/~1-R) will be 
underestimated.
A different way of performing CEA spectroscopy is reported by He and Orr [19]. They 
have constructed a cavity in such a way th a t the cavity will exhibit a dense mode struc­
ture, with the modes at isolated frequencies. In addition to the cavity decay time they 
have measured the CEA peak signal, instead of the total time-integrated cavity signal. 
In their experiment they only allowed for a short resonance time, resulting in a short in­
tracavity intensity buildup and a longer decay time. The CEA signal was now derived by 
integrating the intensity in a narrow gate around the maximum intracavity intensity. They 
compared the sensitivity achieved with this ‘peak detected’ CEA scheme to the sensitivity 
obtained with the cw-CRD scheme. They remarked th a t the baseline noise level in the 
cw-CRD experiment is better than  in the ‘peak detected’ CEA spectra, and assigned this 
to power fluctuations in the laser output and spatial and wavelength instabilities of the 
laser. However, it is obvious th a t in using ‘peak detected’ CEA spectroscopy, one does not 
fully exploit the effective measurement path  length achievable in the high finesse optical 
cavity. Therefore, the attainable sensitivity does not compare to the sensitivity of pulsed 
CRD, cw-CRD or CEA spectroscopy.
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3.5 C onclusions
In this chapter, we have dem onstrated a simple yet sensitive experimental scheme to record 
high-resolution optical absorption and /or optical rotation spectra of molecules in open air, 
cells or jets, using ideas from the field of CRD spectroscopy. Light from a narrow band 
cw laser is coupled into a high finesse stable optical cavity when accidentally coincident 
with one of the m ultitude of modes of this cavity. While rapidly scanning the narrow band 
laser, the time-integrated intensity exiting the cavity is monitored. Under the conditions 
th a t the scanning laser is sufficiently long in resonance with one of the cavity modes tha t 
the light intensity inside the cavity approaches its limiting value, the tim e-integrated light 
intensity exiting the cavity is in a good approximation proportional to the ring down time 
t . Direct absorption spectra and /o r optical rotation spectra can therefore be obtained by 
plotting the inverse of the tim e-integrated intensity versus the laser frequency. W ith a 
single mode laser scanning over typically a 1 cm-1 spectral region scanning rates of 5-100 
Hz have been employed in this study, yielding high quality spectra in a m atter of seconds. 
The noise equivalent detection limit readily approaches 10-3 of the baseline intensity. As 
the spectral information is deduced from the tim e-integrated signal rather than  from the 
time-dependence of the signal it is possible to perform these measurements with relatively 
low power lasers and cheap detection systems.
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Chapter 4
N ear-infrared CEA spectroscopy o f hot w ater and OH  
in an oven and flam es 1
A bstract
A compact diode laser operating around 1.5 im  is used to measure cavity enhanced ab­
sorption spectra of hot water molecules and OH radicals in radiative environments under 
atmospheric conditions. Spectra of air are measured in an oven at tem peratures ranging 
from 300 K to 1500 K. These spectra contain rovibrational lines from water and OH. The 
water spectra are compared to simulations from the HITRAN and HITEM P databases. 
Furthermore, spectra are recorded in the flame of a flat m ethane/air burner and in an 
oxyacetylene flame produced by a welding torch. The results presented in this chapter 
show tha t cavity enhanced absorption spectroscopy provides a sensitive m ethod for the 
rapid monitoring of species in radiative environments.
1Adapted from: R. Peeters, G. Berden, and G. Meijer, Appl. Phys. B (in press).
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4.1 Introduction
In order to have a good understanding of combustion and reaction mechanisms, it is impor­
tan t to know tem perature profiles and absolute concentrations of species in flames, ovens, 
and plasmas. Direct absorption spectroscopy is a non-invasive, line-of-sight technique from 
which absolute absorption coefficients can be directly obtained. However, a drawback of 
this m ethod is the lower sensitivity th a t precludes its use for the measurements of species 
with a low absorption. Higher sensitivities can be obtained by using cavity ring down 
spectroscopy, which nowadays is commonly used in flame and plasma studies [1].
Meijer et al. [2] were the first to use the CRD technique in a flame experiment. They 
measured the absorption spectrum  of OH (A2S + ^ X 2n )  in an atmospheric CH4/a ir  flame 
using a Bunsen burner. Since then several radicals have been subject of study in atm o­
spheric flames. The CH radical has been measured in a stabilized flat CH4/a ir  flame [3], 
an oxyacetylene flame from a welding torch [4] and a diffusion flame [5]. Furthermore, 
for OH, predissociation rates [6] and concentration profiles [7] have been determined in 
atmospheric flames as well.
At atmospheric pressure the flame front is rather thin. As a result, the measurement of 
concentration profiles of radicals th a t are only present in this area is complicated. There­
fore, most of the CRD flame studies are performed at low background pressures. In different 
low pressure flames the CH, CH2, HCO, OH, and NH radicals have been studied extensive­
ly [8-15]. A review on quantitative measurements of absolute concentrations of radicals in 
flames is given by Cheskis [16].
The above mentioned experiments were performed in the ultraviolet and visible spectral 
region, thereby using strong electronic transitions. Although, in general, vibrational tran ­
sitions are weaker than  electronic transitions, there are several attractive features of using 
transitions in the near-infrared region. In this spectral region many more molecules can be 
probed; vibrational transitions of various species can be studied in a rather narrow spectral 
region. Additionally, the Doppler broadening of the spectral lines, which is proportional to 
the frequency, is 2-10 times smaller in the infrared region than  in the ultraviolet and visible 
region. This demands a line width of the laser th a t is rather narrow in order to resolve the 
transitions and in order to circumvent the CRD bandw idth effect, i.e., the effect th a t the 
absorption is underestim ated, when the laser bandwidth is comparable to, or larger than, 
the absorption line width [1, 17, 18]. Up to now, only a few CRD experiments have been 
performed in flames in the near-infrared. Overtone transitions of water in atmospheric 
flames have been measured by Xie et al. [19] around 820 nm. In a low pressure flame, 
Scherer et al. measured spectra of the OH radical at 1.6 ¡im  [20] and hydrocarbons were 
studied at 3.3 ¡im  [20, 21].
All the aforementioned CRD experiments were performed with pulsed laser systems. A 
higher spectral selectivity is obtained with cw lasers. W hen switching from a pulsed laser 
system to a cw laser system, one might think th a t the low power output of such a laser 
limits its use in flames due to the strong radiative background. However, the use of an 
absorption technique like cw-CRD spectroscopy (see e.g., Ref. [22]) or CEA spectroscopy 
(see e.g., Ref. [23]) is perfectly feasible, although only one such an experiment has been 
reported up to now. W ith a cw ring dye laser, Campargue et al. have detected SiH2 at
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579 nm in a silane discharge using the cw-CRD scheme [24].
In the present study, air is heated in an oven and CEA spectra of water and OH 
[X2n (v '= 2 ^ v "=0)] are measured at different tem peratures. The water spectra are compar­
ed to simulations, using data from the latest HITRAN and HITEM P databases (HITEM P 
is the high tem perature analogue of HITRAN) [25]. Furthermore, spectra are recorded in 
the premixed m ethane/air flame from a flat-flame burner and in the oxyacetylene flame 
from a welding torch, both  under atmospheric conditions.
4.2 E xperim ent
The experimental setup for CEA spectroscopy is depicted in Fig. 4.1. Light from an 
external cavity cw diode laser (New Focus 6262; power <1.5 mW  at 1.515 ¡im, bandwidth 
<5 MHz) is coupled into a high finesse optically stable cavity, while being scanned back and 
forth mode-hop free over 1 cm-1 . Feedback of light into the laser is minimized by a Faraday 
isolator. The cavity is formed by two highly reflective mirrors separated by a distance d. 
On the end mirror a piezo-electrical transducer is mounted in order to vary the cavity 
length during the laser scan (a few micrometers at a rate of 0.5 Hz). The flame or oven is 
placed inside the cavity. The light exiting the cavity is focused onto a photodiode detector 
(New Focus Nirvana 2017) by a lens placed directly behind the end mirror. The measured 
signal is displayed on a 10-bit oscilloscope as a function of the wavelength, providing a 
‘raw ’ CEA spectrum.
One of the most noteworthy advantages of CEA spectroscopy is tha t a ‘raw ’ spectrum 
appears on the screen of the oscilloscope just in a m atter of a second. Therefore, it is 
possible to monitor the species under study ‘live’ with a high sensitivity. As a consequence, 
changes in absorptions due to changes in experimental conditions will directly become 
visible on the display, which provides a great flexibility.
Since the measurements are carried out in radiative environments, the large background 
radiation intensity has to be surpressed with, for example, filters or a monochromator. The 
la tter approach has been used for measuring hot oxygen in a flame at 628 nm (not shown 
in this chapter). In the present experiments, a silicon high-pass cut-off filter th a t blocks 
radiation with wavelengths lower than  1 i m is used. Additionally, the residual background 
intensity is measured immediately after each single frequency scan in which the ‘raw ’ CEA 
spectrum  is recorded. For this an optical shutter, tha t is closed while the laser is scanned 
back in frequency, is placed in front of the cavity. The maximum repetition rate of our 
optical shutter (Melles Griot) is 5 Hz, which limits the data acquisition rate.
In the oven experiment, the optical axis of the cavity is along the center of the bore of 
the tem perature stabilized oven, which can be heated up to 1500 K. The diameter of the 
bore is 3 cm and the oven has a length of 25 cm. The oven is open and the measurements 
are thus performed on laboratory air th a t is heated inside. Between the cavity mirrors and 
the oven, diaphragms are placed in order to prevent overheating of the mirrors.
For the flame experiments, the flat burner or welding torch is mounted in such a way 
th a t the flame is between the cavity mirrors, while the distance from the burner/torch to the 
optical axis can be varied. The first flame experiment is performed on a laminar CH4/a ir
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FI M 
Welding torch
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D
F igure 4.1: A schematic view o f the cavity enhanced absorption experiment. Light from 
the scanning diode laser is coupled into a high finesse optical cavity consisting o f two 
highly refiective mirrors (M) . A  Faraday Isolater (FI) prevents feedback into the laser. 
On the end mirror a piezo electric transducer (P) is mounted in order to vary the cavity 
length. A  lens (L) focuses the light onto the detector (D). In iront o f the detector a silicon 
filter (F) reduces the background radiation. The figure shows three different arrangements 
with the burners and the oven. The distance of the burners relative to the optical axis 
can be varied.
flame of a premixed flat burner [3, 6]. The diameter of the circular burner plate is 3 cm. 
Mass flow controllers are used to regulate the flow velocity and the gas mixture. A stabilized 
flame can be obtained by carefully choosing the flame stoichiometry. In this experiment the 
gas flow velocity is 12 cm /s and the flame has a stoichiometry of 0=1.2 . The second flame 
experiment is performed in a flame from a commercially available oxyacetylene welding 
torch [3, 4], which is normally used for depositing diamond [4]. The torch has an orifice 
of 1.3 mm and is used to burn oxygen (purity 99.995%) and acetylene (purity 99.6%). 
The gas flows are regulated with mass flow controllers. In the experiment the flame has a 
stoichiometry of 0=1.05 and the oxygen flow is 2.5 standard liters per minute.
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4.3 R esu lts and D iscussion
4.3 .1  O ven
In panel A of Fig. 4.2 the CEA spectrum  of water in laboratory air at room tem perature, 
covering ~ 5  cm-1 around 1.515 ¡im, is shown. The spectrum  consists of 8 overlapping 
spectra of 1 cm-1 , each obtained by summation of 128 laser scans.
The frequency axis is calibrated by simultaneously measuring the direct absorption 
spectrum  of ammonia in a reference cell (shown in panel E). The spectrum  of ammonia 
is very dense and in each 1 cm-1 scan at least three absorption lines are present. The 
line positions of the rovibrational ammonia transitions have been measured with a high­
resolution Fourier Transform infrared absorption spectrometer and have been tabulated  by 
Lundsberg-Nielsen et al. [26]. The absolute frequencies of the ammonia lines are recali­
brated using the well-known acetylene absorption lines [27, 28], resulting in a systematic 
increase in frequency of 0.004(2) cm-1 relative to the values tabulated in Ref. [26].
On the left vertical axis the absorption coefficient is given in units of (1 -R )/d  [23]. 
Since the length of the cavity is 65 cm, this axis can be put on an absolute scale provided 
th a t the reflectivity of the mirrors is known.
In panel B, the simulation of the water spectrum  is shown using data  (line position, 
transition probability, and pressure broadening) from the HITRAN database [25]. The 
contribution of the instrum ental broadening to the spectral profile has been determined 
from low pressure water absorption measurements to be 0.013 cm-1 , and is mainly due to 
the jittering of the starting position of the laser scans during summation. The right vertical 
axis, showing the absorption coefficient k , is obtained by assuming a relative humidity of 
35% (a typical value in our laboratory). From a comparison of the low frequency water 
absorption in the measured spectrum  to th a t in the simulated spectrum, an (effective) 
mirror loss 1-R  of 10-3 is determined, which is in good agreement with the loss determined 
in an independent calibration measurement.
Although at a first glance both spectra seem to be in reasonable agreement it is evident 
th a t there are some discrepancies. The absorption marked with an (*) in panel B is 
not seen in the measured spectrum  (not even in a spectrum  with a higher signal-to-noise 
ratio obtained by longer averaging). In the HITRAN database the line position of this 
absorption is specified to be 6597.690 cm-1 , while this absorption is not tabulated in the 
paper of Toth [29]. Furthermore, the absorption line marked with (**) is not spectrally 
resolved in the measurement. The position of this line specified in HITRAN is 6601.2510 
cm-1 , while in the article of Toth [29] the line position is specified to be 6601.3298 cm-1 . 
The la tter value clearly is in a better agreement with our observations. Additionally, it 
can be seen tha t the line widths of the measured and simulated spectra differ. The line 
widths of the simulated spectra can be matched to the measured profiles by assuming a 
slightly larger air broadening coefficient than  specified in HITRAN. The contribution of 
the self-broadening of water to the spectral line width is negligible (for the 6588.281 cm-1 
absorption this is 0.003 cm-1 (HITRAN), whereas the Doppler broadening is 0.020 cm-1).
In panel C the CEA spectrum  measured at 1100 K is shown. The frequencies of the 
numbered lines in the 1100 K spectrum  are given in Table 4.1. Since the length of the
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F igure 4.2: Spectra of laboratory air around 1.515 ßm  are measured at room temperature 
and 1100 K, and are compared with simulations using data from H ITR A N  or HITEMP. 
The panel A  shows the spectrum at room temperature; both lines originate from water. 
Panel B  shows a simulation o f the water spectrum using H ITRAN. Panel C shows the 
spectrum at 1100 K; apart from water lines also two OH transitions are present (marked 
with (o) and (# )). The frequencies o f the numbered lines are tabulated in Table 4.1. The 
corresponding simulation based on HITEM P is plotted in panel D. The lowest panel (E) 
contains the reference spectrum o f ammonia which is used to calibrate the frequency axis 
o f the spectra in panel A  and C. See text for further details.
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oven (25 cm) is smaller than  the length of the cavity (65 cm) the spectrum  contains a large 
contribution due to room tem perature water absorption. Fortunately, this affects only the 
two spectral features in the 1100 K spectrum  which are marked with (***). Care should 
be taken to interpret the left vertical scale, because the density and the tem perature of 
the water molecules varies along the cavity axis. Although the length of the oven is 25 cm, 
we estim ate the effective absorption pathlength l in which the tem perature is 1100 K to 
be 15 cm [18]. This provides us a way to determine the absorption coefficient (right axis), 
since (1 -R )/l= 6 .7 x  10-5 cm-1 .
Table 4.1: The frequencies o f the numbered lines in the oven spectrum measured at
1100 K  (Fig. 4.2 C). The upper limit for the error in the frequency position is 0.005 cm-1 .
line no. frequency(cm 1) line no. frequency(cm-1 )
1 6597.719 7 6599.326
2 6579.939 8 6599.722
3 6598.280 9 6600.117
4 6598.511 10 6600.530
5 6598.699 11 6600.805
6 6598.989 12 6601.962
In panel D, a simulation of the water spectrum  at 1100 K based on data from HITEM P 
is shown. The absorption axis on the right is obtained by multiplication with the number 
density at 1100 K (assuming a 35% relative humidity at room tem perature). As a result, 
the experimental and simulated spectra can be directly compared. Once again, it should 
be stressed th a t the simulated intensities are for 1100 K only, while experimentally there is 
a tem perature gradient present (i.e., outside the oven there is room tem perature, while at 
the center of the oven there is a region at 1100 K). It is evident th a t there are discrepancies 
between the frequency positions of the water absorptions in both spectra.
The measured CEA spectrum  at 1100 K also contains two transitions originating from 
the OH radical which is formed by therm al dissociation of water. The spectral fea­
ture marked with (# )  can be assigned to one component of the A  (8) doublet of the 
X 2n (v '= 2 ^ v "=0) transition [25, 30]. The other doublet component is marked with (o). 
Since both components should have an almost equal intensity [25], it is evident th a t the 
component marked with (o) is obscured by an interfering water absorption.
The spectral region including the OH absorption marked with (# )  is studied in the 
oven at different tem peratures between 900 and 1500 K. The results are shown in Fig. 4.3. 
Although it is not excluded th a t there are water lines underneath the OH absorption, we 
still can estim ate the OH density. For 1500 K, the integrated absorption is 0.0109x (1 -R )/l 
cm-2 , with l in cm. The effective pathlength is smaller than  th a t for water, since the OH 
number density increases strongly with the tem perature. The effective path  length l is 
estim ated to be 10 cm [18], giving an integrated absorption of 1.09x10-6 cm-2 . The line 
strength at 1500 K is 5.073x10-21 cm/molecule [25]. The number density is thus 2.14x1014
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F igure 4.3: A part o f the spectrum o f hot air is measured at different temperatures 
indicated in the figure. N ext to the OH absorption, absorptions from water are present. 
In the inset, the 1100 K  oven measurement is compared to the scaled spectrum measured 
in a flame 7.5 cm above the burner surface of the flat burner (see Fig. 4.4). The spectra 
are given a vertical offset for clarity.
molecules cm-3 , which corresponds to a concentration of 44 ppm. The tem perature depen­
dence of the OH concentration in air has also been studied by Jongma et al. [18]. They used 
pulsed CRD spectroscopy at 309 nm to probe the OH via the A 2Y + ( v '= 0 ) ^ X 2n (v"= 0 )  
transition in the same oven. From their results the concentration of OH at 1500 K is deter­
mined to be 34 ppm (at a relative humidity of 35%). Both concentration values compare 
well, considering th a t our measurement conditions are not as ideal as in the measurements 
performed by Jongma et al. [18].
4 .3 .2  F lam es
The CEA technique is also used to detect OH and water in flames. The CEA spectra 
in the same spectral region as in Fig. 4.3 are recorded in the m ethane/air flame of a flat 
burner and in the oxyacetylene flame of a welding torch. Measurements are performed 
at two distances from the burner surface (or orifice) and are shown in Figs. 4.4 and 4.5.
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Figure 4.4: The CEA spectra measured in a methane/air flame at two different heights 
above the flat burner are shown. The spectral region o f these spectra is the same as 
o f those shown in Fig. 4.3. The spectrum recorded at 7.5 cm above the burner surface 
compares well to the 1100 K  oven spectrum (see inset o f Fig. 4.3).
From a comparison between the oven spectra and the flame spectra, it is evident tha t no 
new (strong) features appear in these flame spectra. Therefore, we assume th a t all lines 
in Figs. 4.4 and 4.5 solely originate from hot water and OH. The signal-to-noise ratio in 
the flame measurements is lower than  th a t of the oven measurements, due to an increase 
of fluctuations of the background radiation.
In the experiment with the flat burner, the cavity length d is 40 cm, and the length 
l over which the flame extends is 3 cm. The tem perature and density distribution can 
be assumed to be constant over this distance [3]. As a result, a direct comparison can be 
made between the measurements performed in the flat burner and the aforementioned oven 
measurements. The inset of Fig. 4.3 shows the flame spectrum  recorded at 7.5 cm above 
the burner plate and the oven spectrum  measured at 1100 K. The flame spectrum  is scaled 
to the oven spectrum in order to have the same intensity on the strongest absorption line. 
Furthermore, the flame spectrum  is given a vertical offset for clarity. From the figure it is 
seen th a t both spectra, although measured under different experimental conditions, show 
a striking resemblance; the relative intensities of the absorption features are the same in 
both spectra. Therefore, we estim ate the tem perature in the flat flame to be around 1100 
K at 7.5 cm above the burner.
It is im portant to be aware of the fact th a t the path  length l is different in both spectra.
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F igure 4.5: The CEA spectra measured in an oxyacetylene flame from a welding torch 
are shown for two different distances from the burner orifice. The spectral region o f these 
spectra is the same as of those shown in Figs. 4.3 and 4.4. The dashed lines show the 
simulated spectra o f water based on data from HITEMP. The simulations are scaled to 
the measured spectra and have been given a vertical offset. Note that the OH absorption 
is not included in the simulations.
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In the oven measurements the path  length l for water is 15 cm and for OH this is 10 cm 
(vide supra), while in the flame measurement this is 3 cm for both molecules. From these 
measurements a water number density in the flame (at 7.5 cm) of 2x1017 molecules cm-3 
is determined (4.5 times higher than  in the 1100 K oven measurement).
In the spectrum  obtained 1.5 cm above the burner, both  the H2O and OH absorptions 
have gained intensity. Comparing this spectrum  to the oven spectra in Fig. 4.3 it is 
evident th a t the tem perature at this point in the flame is higher than  1500 K. Numerical 
calculations [31] predict a tem perature of 1850 K, a water number density of 7.2x1017 
molecules cm-3 , and an OH number density of about 0 .5x1015 molecules cm-3 . Assuming 
this tem perature, the OH concentration at 1.5 cm above the burner plate can be calculated 
from the measurements to be about 3x1015 molecules cm-3 . This is about 6 times higher 
than  the value predicted by the numerical calculations. Apart from the fact th a t there 
are partially overlapping water lines th a t slightly complicate the determ ination of the OH 
concentration, there is also an uncertainty in the actual settings of the flame param eters 
(which are inputs for the numerical calculations).
In the oxyacetylene flame experiment the cavity length is 30 cm. Roughly, the flame has 
a diameter of 0.5 cm just below the orifice of the welding torch, while the diameter rapidly 
increases to about 10 cm at a distance of 15 cm. The path  length l is in this case not well 
defined, since the tem perature and density distribution are not constant along the optical 
axis of the cavity (contrary to the laminar flame from the flat burner) [3]. Therefore, the 
vertical axes in Fig. 4.5 show an effective absorption coefficient Kef f  =  /0d n (x )d x /d . Note, 
th a t this is a normal problem encountered in a line-of-sight measurement.
It is clear, from a comparison between the spectra from both flames (laminar flame 
and oxyacetylene flame), th a t the tem peratures in the oxyacetylene flame are much higher 
than  those in the laminar flame. The data  from HITEM P are used to simulate the spectra 
of hot water in order to give an estim ate for the tem perature, although we realize th a t the 
density of water and the tem perature are not constant along the cavity axis. The simulated 
spectra shown in Fig. 4.5 are scaled to the measured spectra and are given an offset for 
clarity. By comparing the frequencies and especially the intensities, the absorption features 
in the simulations can be correlated to those in the experimental spectra (note th a t the 
OH absorption is not included in the simulation). Thus, we estimate the tem perature at
16.5 cm to be around 1500 K and at 2.5 cm to be around 2600 K.
4.4 Sum m ary
In this chapter, we have used CEA spectroscopy in the near-infrared to detect water and 
OH in radiative environments. In Chapter 6 on the detection of ammonia at atmospheric 
pressures, we show a sensitivity of 9x10-8 cm-1Hz-1/2 using the same experimental setup, 
although with mirrors of higher reflectivity (1 -Ä )= 3x  10-4 . At this moment our laser has 
a rather low output power. Therefore, in the present experiment, mirrors with a lower 
reflectivity are used in order to increase the power transm itted through the cavity. From 
the oven measurements, we can estim ate a sensitivity of 10-6 cm-1Hz-1/2. A part from a 
decrease due to the lower mirror reflectivity, the lower sensitivity is also caused by turbulent
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air, scattering losses in flames, and fluctuations in the radiative background (which are not 
completely eliminated). This decrease in sensitivity is common in experiments performed 
in flames (see e.g., Ref. [15, 19, 20]).
The spectra of hot water and OH in heated air have been measured in an oven as a 
function of tem perature. The water spectra are compared with simulations using data 
from HITRAN and HITEMP, showing several discrepancies. However, this is not too 
surprising since the high tem perature data is primarily based on calculations [25]. Our 
results show th a t CEA spectroscopy is a promising technique to obtain experimental data 
at high tem peratures.
The CEA technique is also suited to detect species in flames. We have measured spec­
tra  of hot water and OH in two different flames at 1.515 ¡im. The near-infrared spectral 
region is attractive since many species have rovibrational transitions here. This offers the 
possibility to monitor several species in a limited spectral region. In CEA spectroscopy, 
a cw laser, having a line width of typically several MHz, is used to excite the molecular 
transitions. Furthermore, the Doppler broadening is less than  in the UV spectral region. 
Therefore, a high spectral resolution is obtained when detecting molecules with CEA spec­
troscopy in the near-infrared. In our spectra, for example, OH and water are detected 
simultaneously in a frequency scan of less than  1 cm-1 .
Compared to pulsed CRD or cw-CRD spectroscopy, CEA spectroscopy has the ad­
vantage th a t spectra can be displayed very rapidly without the need for demanding data 
processing (i.e., for CRD spectroscopy the ring down time must be determined at every fre­
quency). In principle (and as has been dem onstrated for example by Spence et al. [32]), 
the sensitivity achievable in cw-CRD spectroscopy is higher than  in CEA spectroscopy. 
Both techniques can be used complimentarily, since all components necessary for perform­
ing CEA measurements are also used in cw-CRD spectroscopy. The CEA technique can 
be used for fast monitoring of species, while the cw-CRD technique can be used whenever 
the highest sensitivity is required.
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Chapter 5
CEA spectroscopy o f th e  1.5 ¡im band system  o f je t  
cooled  am m onia 1
A bstract
Absorption spectra of rotationally cold ammonia (14NH3) molecules are recorded in the 
6400-6630 cm-1 region, using the cavity enhanced absorption technique in combination 
with a slit nozzle expansion. Two perpendicular rovibrational bands are identified; the 
v 1+ v3 band at 6609 cm-1 , and a band at 6557 cm-1 which is assigned to a transition into 
the |l|= 2  component of the ^1+2^4 state.
A d ap ted  from: G. Berden, R. Peeters, and G. Meijer, Chem. Phys. Lett. 307, 131 (1999).
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5.1 Introduction
The availability of compact and cheap near-infrared tunable diode lasers has led to the 
development of simple and inexpensive spectroscopic systems for the detection and the 
monitoring of molecules in the atmosphere and in industrial processes [1]. For ammonia, 
several diode laser based detection and monitoring systems have been developed which use 
spectral lines from the near-infrared bands around 1.5 im  [2-9], a spectral region which 
contains various weak overtone and combination bands.
Spectroscopically, there is not much known about the rovibrational transitions of am­
monia in the 1.5 ¡im  region. One of the first spectra showing (not well-resolved) rotational 
structure has been reported by Unger in 1933 [10]. A spectrum  at a resolution of 0.2 cm-1 
was recorded and analyzed by Benedict and Plyler in 1957 [11]. They reported the com­
bination band v1+ v 3 at 6608.71 cm-1 , the overtone band 2v3(|l|= 2) at 6850.2 cm-1 , and 
tentatively assigned the v1+2v4 to be around 6700 cm-1 . The development of single­
frequency 1.5 im  diode lasers for optical communication provided lists of high resolution 
absorption lines of ammonia [2, 12, 13]. As these lines were mainly used to test the fre­
quency stabilization of the laser, or for locking the laser to an absorption line, however, no 
attem pt for a rovibrational assignment was made.
Coy and Lehmann have assigned most of the vibrational bands of NH3 in the 4800 cm-1 
to 18000 cm-1 spectral region [14, 15]. The vibrational origins were determined experi­
mentally from a rotational analysis of rovibrational transitions measured by microwave- 
detected, microwave-optical double resonance (MODR) spectroscopy. In the 1.5 ¡im  region 
they observed the 2v3, v1+2v4, and the v1+ v3 bands. However, a list of the measured 
rovibrational lines with the assignments has not been published.
Lundsberg-Nielsen et al. [16] reported the first complete high resolution absorption 
spectrum  of ammonia covering the 6400-6900 cm-1 region. The spectrum  obtained at a 
resolution of 0.005 cm-1 using a Fourier Transform infrared spectrometer, is very complex 
with many blended lines. A to tal of 1710 lines were observed, and 381 rotational-vibrational 
transitions have been assigned to the combination band v1+ v 3 (at 6609.6 cm-1) and the 
overtone band 2v3 (at 6794 cm-1). The assignments were performed by calculating ground 
state combination differences (GSCDs) using accurate ground state energy levels reported 
by Urban et al. [17].
A complete analysis of the rovibrational bands of ammonia in the 1.5 ¡im  region is a 
formidable task. Many vibrational bands are expected in this region: the 2v1, 2v3, v1+ v 3, 
v 1+2v4, v3+2v4, 4v4, v1+4v2, 4v2+ v 3, 4v2+2v4, and so on. Perturbations are present 
due to rather complicated interactions involving many of these overtone and combination 
vibrational bands. Local perturbations give rise to strong frequency and intensity changes.
In order to obtain some feeling for these perturbations, it is informative to look at the 
absorption bands of ammonia around 3 ¡im  [18, 19]. In this region the fundamentals v 1 
and v3 are located, but also the 2v4 and the 4v2 overtones and the 2v2+ v4 combination 
band. Some 2110 lines from the v1, v3, and 2v4 bands were assigned out of which 1832 
line positions were fitted using an effective rotation-inversion Hamiltonian [19]. However, 
there are still some discrepancies, which can only be removed if more information becomes 
available on the 4v2 and 2v2+ v4 bands [19].
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In the case of the 1.5 i m band system, the GSCDs analysis has led to the assignment 
of only 22 % of the rovibrational transitions [16]. Even in the region of the vibrational 
origin of the v1+ v 3 band many lines are unassigned. In order to aid in the further analysis, 
we decided to focus on the rotational states with low rotational quantum  numbers by 
recording the absorption spectrum  of ammonia in a supersonic molecular jet. Due to 
rotational cooling the spectra are strongly simplified, and an assignment of the lowest 
rotational-vibrational transitions can be made. Note tha t, with the aforementioned MODR 
technique the K =0 levels can not be measured and th a t this technique has a low sensitivity 
for the low K  levels [14].
Since the concentration of ammonia in the jet should be rather low in order to obtain 
sufficient rotational cooling [20], direct absorption laser spectroscopy in a jet requires a 
sensitive detection scheme. In this study we use the CEA technique [8] in combination 
with a slit nozzle expansion. W ith this m ethod the effective absorption path  length is 
about 100 m, and an absorption spectrum  can be measured to which only the J"= 0  and 
1 levels contribute. This spectrum  can easily be assigned. By slightly increasing the 
ammonia concentration, the rotational tem perature can be increased, leading to more 
transitions in the absorption spectrum. In this way we assign 18 transitions to the v1+ v 3 
band. Additionally, nine transitions are assigned of the |l|= 2  component of the v1+2v4 
state, of which the origin is 52 cm-1 red shifted with respect to the vibrational origin of 
the v1+ v 3 band.
5.2 Experim ent
A scheme of the experimental setup is shown in Fig. 5.1. A planar jet is formed by 
expanding ammonia strongly diluted in argon through a 40 mm x 0.03 mm slit nozzle. 
In order to measure spectra of ammonia with different (but low) rotational tem peratures, 
the amount of ammonia is varied. The vacuum chamber is evacuated by a 1200 m3/h  
rootspump (Edwards EH1200) backed by a 180 m 3/h  rotary pump (Leybold SV180). At 
a stagnation pressure of 1 bar the background pressure reaches 1 mbar.
The rotationally resolved absorption spectra of ammonia in the je t are measured using 
the cavity enhanced absorption technique. This technique has been described in Chapter 3, 
and only a short description is given here. Light of a rapidly scanning cw diode laser 
is coupled into a non-confocal optical cavity. The cavity axis is along the long axis of 
the slit nozzle, intersecting the je t a few mm downstream from the orifice. The time- 
integrated intensity of the light leaking out of the cavity is measured as a function of 
the wavelength. From a plot of the inverse of this intensity versus wavelength, the direct 
absorption spectrum is obtained.
As a light source we have used a cw diode laser (New Focus model 6262) which is tunable 
in the 6270-6630 cm-1 region with 5 mW  maximum power. The specified bandw idth is 
<5 MHz. The laser has an external cavity and can be scanned mode-hop free over 1 cm-1 
by piezo tuning the end mirror. A different scan region can be selected by adjusting the 
end mirror with a pico-motor.
The non-confocal optical cavity is formed by two highly reflecting (R«0.9995) plano-
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Ammonia
Figure 5.1: Experimental setup.
concave mirrors with a radius of curvature r= -1  m. The distance between the mirrors d 
is 8.5 cm, and the mirrors can be aligned independently. The light th a t leaks out of the 
cavity is detected with a photodiode (New Focus Nirvana 2017). The signal is displayed on 
a digital oscilloscope (Yokogawa DL4200, 10 bits, 300 MHz). To record wavelength spectra, 
the oscilloscope is used in the x-y mode, with the horizontal axis being proportional to the 
scanning voltage of the diode laser, which in tu rn  is proportional to the wavelength. The 
laser is scanned over 1 cm-1 at a rate of 30 Hz.
A single laser scan provides an absorption spectrum  in which the mode structure of the 
optical cavity is visible (see e.g., Fig. 3.1 of Chapter 3). As has been explained in Ref. [8] 
the scan rate of the laser should be chosen such th a t each wavelength is in resonance with 
a cavity mode equally long and sufficiently long. Since the optical cavity is (mechanically) 
unstable, mainly due to the external vibrations of the rotary pump and the rootspump, 
the mode spectrum  of this cavity ’jitte rs ’. Therefore, summation over several scans (typi­
cally 4000) provides a m ethod to sample each wavelength with an equal probability. The 
remaining ’noise’ in the spectra is mainly due to residual mode structure of the cavity.
Since the diode laser is scanned typically over 1 cm-1 , wavelength calibration using a 
molecular absorption spectrum  of a standard reference molecule is difficult and tedious. 
Therefore, we use the reported wavelengths of ammonia from Lundsberg-Nielsen et al. [16]. 
Experimentally, we record a single-pass absorption spectrum  of ammonia in a cell at room 
tem perature simultaneously with the CEA spectrum  of ammonia in the jet.
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5.3 R esu lts and D iscussion
Ammonia is a symmetric top molecule th a t has a pyramidal structure. The symmetries 
of the fundamentals of ammonia are2 v 1 (A), v2 (A), v3 (E ), and v4 (E ). Bands from the 
vibrational ground state towards an E  state are perpendicular, whereas those towards an 
A  state are parallel.
In the 3 ßm  band system, the strongest bands are the v 1, the v3, and the 2v4, with 
bandstrengths of 23.6, 11.8, and 2.8 cm-2 a tm -1 at 296 K, respectively [19]. Therefore, 
the strongest bands expected in the 1.5 ßm  region are the 2v1, 2v3, v1+ v 3, v1+2v4, and 
v3+2v4 bands.
The vibrational origin of the v 1+ v3 band is reported by Lundsberg-Nielsen et al. at 
6609.6 cm-1 and the origin of the 2v3 (l=0) at 6794 cm-1 [16]. Our diode laser can only 
cover the 6270-6630 cm-1 region. Therefore, rovibrational transitions of the 2v3 band are 
not accessible, and only about 60% of the rovibrational transitions of the v1+ v 3 band can 
be recorded with the present setup.
Two spectra are recorded. The ‘coldest’ spectrum, with an estim ated rotational tem ­
perature of about 10 K, contains only 10 rotational transitions. The ‘warm er’ spectrum, 
with an estim ated rotational tem perature of about 30 K, shows 29 spectral lines.
5.3.1 T h e  v1+ v 3 b a n d
Eight of the measured lines have been previously assigned as belonging to the perpendicular 
v1+ v3 band [16]. Because the rotationally cold spectra contain only rotational transitions 
originating from J ''= 0 ,1  (the ‘coldest’ spectrum) and J ''= 0 ,1 ,2  (the ‘warmer’ spectrum), a 
complete assignment of the jet-cooled v1+ v3 spectrum  can easily be made. The selection 
rules are s ^ s ,  a ^ a ,  and A K = ± 1  transitions go to the l= ± 1  Coriolis component3 [21]. 
The results are shown in Table 5.1.
This assignment is verified by calculating the GSCDs using the ground state energy 
levels reported by Urban et al. [17]. Considering only the transitions measured in the 
present study, six assignments can be verified. Transitions towards the ( J '= 0 , K '=0) level, 
the (J '= 1 , K  '= 1 , l= -1 ) level, the (J= o d d , K '=1, l= + 1 , s) levels, and the (J '= even , K '=1, 
l= + 1 , a) levels are ‘unique’, and cannot be verified by GSCDs. The other assignments 
can be verified by making use of the long list of spectral lines reported in the paper of 
Lundsberg-Nielsen et al. [16]; actually, in our single-pass absorption spectrum  of room 
tem perature ammonia a lot more (weak) transitions are visible than  listed in Ref. [16].
2This ‘short’ description more or less ‘includes’ the tunneling of ammonia. In the molecular symmetry 
group D3h, the symmetries of the fundamentals of ammonia are vi (Ai), vinv (A2/), v3 (E '), and v4 (E ')  [21]. 
Furthermore, note tha t n v 2s= 2 n v inv and n v 2a=(2n+1)v¡nv. Rotational transitions from the vibrational 
ground state towards an E / state are perpendicular, and transitions towards an A2' state are parallel.
3As a m atter of fact the Coriolis interaction is given by —2CQlk, in which k  is the signed quantum 
number of the component of angular momentum along the top axis, i.e. K  = |k |. Often, the pairs of Coriolis 
components are classified as (+l) and (—l) [21, 22]. For example, the degenerate l= + 1 , k= -1  and l= -1 , 
k= + 1  levels are labeled as K  =1, (-l). For simplicity, we write —2CQlK  for the Coriolis interaction. The 
aforementioned degenerate levels are then labeled as K  =1, l= -1 .
96 Chapter 5
Table 5.1: Observed transitions of 14NH3 in the 6400-6630 cm-1 region. Line numbers 
correspond to the numbers in the paper o f Lundsberg-Nielsen et al. [16], * (o) indicates 
that the present rotational assignment is (not) in agreement with their assignment. In 
the column ‘remarks’, a ‘c ’ indicates that the transition is also observed in the ‘coldest’ 
spectrum. Furthermore, ^  indicates that the assignment is verified with GSCD using 
transitions only from this table. When in parenthesis, the assignment is verified with 
GSCD using lines from Tables II  and III  o f Ref. [16]. The upper state energies are 
calculated using the ground state energy levels from Ref. [17]; the non-existing (J" =0,
K =0, s) level in the ground state is taken at 0 cm 1.
J  "
rotational assignment 
K " inv" J ' K ' l' inv'
observed 
fr. (cm-1)
line
no.
remarks upper state 
energy (cm-1)
VI+V3
2 0 a 1 1 +1 a 6564.856 441* V 6625.269
2 1 s 1 0 s 6572.848 474 V 6628.787
2 1 a 1 0 a 6572.947 476o V 6629.656
2 2 s 1 1 -1 s 6580.600 516* c 6625.396
2 2 a 1 1 -1 a 6580.721 518* c 6626.308
1 1 s 0 0 s 6592.644 579 c 6608.817
1 1 a 0 0 a 6592.784 580 c 6609.747
2 1 s 2 2 +1 s 6596.343 602* (V) 6652.282
2 1 a 2 2 +1 a 6596.438 — ( ) 6653.147
1 0 s 1 1 +1 s 6604.722 656 c 6624.612
2 0 a 2 1 +1 a 6605.097 658 c 6665.510
1 1 s 1 0 s 6612.615 701 c V 6628.788
1 1 a 1 0 a 6612.695 — c V 6629.658
2 1 a 2 0 a 6612.723 — (V) 6669.432
2 1 s 2 0 s 6612.734 — (V) 6668.673
2 2 s 2 1 -1 s 6620.571 758* (V) 6665.367
2 2 a 2 1 -1 a 6620.578 759* (V) 6666.165
0 0 a 1 1 +1 a 6624.476 7 00 00 • c V 6625.269
V1+ 2V4
1 1 s 0 0 s 6540.244 339 6556.417
1 1 a 0 0 a 6540.965 342 6557.928
1 0 s 1 1 -2 s 6547.941 361 6567.831
1 1 s 1 0 s 6560.819 416 (V) 6576.992
1 1 a 1 0 a 6561.263 419 (V) 6578.226
0 0 a 1 1 -2 a 6568.463 454 c (V) 6569.256
1 1 s 2 2 -2 s 6575.074 488 (V) 6591.247
1 1 a 2 2 -2 a 6575.713 492 (V) 6592.676
1 0 s 2 1 -2 s 6589.062 559 (V) 6608.952
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Figure 5.2: Part o f the v 1+v3 spectrum containing the PQ1 branch. The lower panel 
shows the CEA spectra o f ammonia in a je t obtained by seeding different amounts o f 
ammonia in argon. The ammonia concentration increases from spectrum I  to III. The 
absorption coefficient k is expressed in units o f (1 -R )/da which is about 1-10-4 cm-1 (see 
text for further details). The spectra II  and III have been given an offset for clarity. The 
upper panel shows the corresponding part o f the single pass absorption spectrum o f 3 
mbar ammonia at room temperature.
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Figure 5.2 displays the spectral region containing the PQ 1 branch (transitions are la­
beled AKA J K ( J )). The lower panel contains three CEA jet-spectra obtained by expanding 
different amounts of ammonia in 1 bar argon. The ammonia concentration increases from 
spectrum  I to III. The absorption coefficient k is expressed in units of (1 -R )/d a. Since the 
reflection coefficient of the mirrors R is approximately 0.9995, and the effective distance
da over which ammonia absorbs is about 5 cm, the units of absorption are roughly 1-10-4
1cm 1.
The upper panel of Figure 5.2 shows the corresponding room tem perature single pass 
absorption spectrum  of 3 m bar ammonia. The line width of the features in this spectrum  is 
0.02 cm-1 (FWHM) and is dominated by Doppler broadening. Jet-spectrum  I (the afore­
mentioned ‘coldest’ spectrum) contains two strong narrow lines with a width of 0.006 cm-1 , 
determined by the residual Doppler broadening in the jet. These lines are assigned to the 
PQ 1(1) transitions of the two inversion components a and s. Jet-spectrum  III (the afore­
mentioned ‘warmer’ spectrum) contains two extra narrow lines, which are assigned to the 
PQ 1(2) transitions. Additionally, there are several broad features in this spectrum  which 
match very well to the room tem perature spectrum  and are due to thermalized background 
ammonia in the cavity.
Although a complete analysis of the v 1+ v3 band is beyond the scope of the present 
study, we fit the excited state energy levels deduced from the observed transitions in the 
jet spectrum  to a simple Hamiltonian in order to obtain more insight in the rotational 
structure of this state. For comparison, we fit the same energy levels of the v3 state [19] 
and the v2+ v 3 state [23] as well. The simple Hamiltonian used is
H  =  B v J  ( J  +  1) +  (Cv -  B v ) K 2 -  2Cv Zv lK ,  (5.1)
with Zv the Coriolis coupling constant. The results are presented in Table 5.2. The molec­
ular constants in this table are given without an error, in order to emphasize th a t they do 
not reflect the ‘real’ constants since they are determined by the very small data  set and 
since perturbations are neglected. The quality of the fit is represented by the value of x 2 
which we define as the sum of the squared differences between the observed and calculated 
energies. The upper levels of the RQ0(1)S and RQ 0(2)a transitions are not included in the 
fit since their observed minus calculated values are very large (0.2 and 0.4 cm-1 , respec­
tively). As a consequence these levels do not contribute to the value of x 2. These local 
deviations together with a comparison of the x 2 values of the v1+ v3 state with those of the 
v3 and v2+ v 3 states, clearly indicate the existence of perturbations in the lowest rotational 
levels of the v1+ v 3 state.
Comparing the values of the molecular constants of the v3, v2+ v 3, and v1+ v 3 states, it 
is seen th a t they are reasonably similar. It is interesting to note th a t the small values of 
A B = B '-B '' for the v1+ v 3 band (0.04 cm-1 for the s component and 0.01 cm-1 for the a 
component) are responsible for the unresolved Q branches in the room tem perature spec­
trum  (see Figure 5.2). This of course complicates a GSCDs analysis of this spectrum  [16].
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Table 5.2: Comparison o f the molecular constants (all in cm-1 except Z which is dimen- 
sionless) o f the v1+v3 state with those o f the v3 and the v2 +v3 states, and o f the \l\=2 
component o f the v1 +2v4 state with those of the 2v4 and v2+2v4 states. The number 
o f transitions in each fit ( # N ) is determined by the observed transitions o f the v1+v3 
and v1+2v4 bands in the je t spectra (Table 5.1). x 2 (in 10-6 [cm-1 ]2) is defined here 
as the sum o f the squared differences between the observed and calculated energies. See 
text for further details. Using the lower state energies o f the observed transitions, the 
ground state constants are B ''=9.943 cm-1 , C ''=6.228 cm-1 for the s component, and 
B ''=9.937 cm-1 , C ' =6.230 cm-1 for the a component.
(V3)S (V2 +V3)S (V1+V3)s (2V4)S (V2+2V4)S (V1+2V4 )s
B ' 9.76 9.79 9.98 10.40 10.54 10.28
C' 6.23 6.12 6.13 6.09 5.86 6.01
z 0.047 0.037 0.050 -0.225 -0.192 -0.203
Vo 3443.63 4416.92 6608.81 3240.17 4135.95 6556.42
# N 6 6 6 5 5 5
x 2 31.5 42.6 1953.4 157.5 559.4 84.1
(V3)a (V2 +V3)a (V1+V3)a (2V4)a (v2+2V4)a (V1+2V4 )a
B ' 9.76 9.70 9.95 10.48 10.28 10.15
C' 6.23 6.16 6.18 6.14 6.11 6.05
z 0.046 0.040 0.043 -0.230 -0.229 -0.201
Vo 3443.99 4435.44 6609.72 3241.60 4193.14 6557.93
# N 8 8 8 4 4 4
x 2 36.9 143.2 3687.5 - - -
5.3.2 T h e  v1+ 2 v 4 b a n d
After the assignment of the v1+ v 3 transitions in the jet-spectra, there were 10 transitions 
left. Nine of them  belong to a perpendicular band, which is about three times weaker than  
the v1+ v 3 band and which is found to be 52 cm-1 red-shifted with respect to the v1+ v 3 
band.
Since the band is perpendicular, the symmetry of the excited vibrational state must 
contain E  symmetry. Therefore, this band can be an overtone of the v3 or v4, or a combina­
tion band containing v3 and /o r v4. If we just look at the band strengths and the vibrational 
origins of the v1, v3, and 2v4 in the 3 ¡im  region [19], it is concluded th a t the v 1+2v4 is 
a promising candidate for the assignment of the observed band. Since the je t spectrum 
contains only 9 lines (and a ‘complete’ band has been observed), they all originate from the 
J ''= 0  and 1 levels in the ground state. Comparing the spacings of the rotational transitions 
of this band with those of the perpendicular bands observed at 3 im  [19], it is evident th a t 
the spacings resemble those of the \l\=2 component of the 2v4 band. This supports the 
assignment of the observed band to the \l\=2 component of the v1+2v4 band, which is of 
exactly the same symmetry. Now an assignment can easily be made. The selection rules
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are s ^ s ,  a ^ a ,  and A K = ± 1  transitions go to the l= ^ 2  Coriolis component [21, 22]. The 
results are shown in Table 5.1.
Again we fit the excited state energies to the simple Hamiltonian given in Eq. (5.1). 
For comparison, the same energy levels of the \l\=2 component of the 2v4 [19] and the 
v2+2v4 [23] states are fitted as well. The results are presented in Table 5.2. It is seen 
th a t the molecular constants of the three states containing 2v4 are reasonable similar (and 
different from those containing v3), which supports the assignment of the observed band 
to the v1+2v4 band.
5 .3 .3  A lte rn a tiv e  v ib ra tio n a l a ss ig n m e n t
Two perpendicular bands of ammonia are observed in the jet and are assigned to the 
v1+ v3 band and to the v1+2v4 band (\l\=2 component). No band origins are observed at 
lower frequency, but it has to be noted th a t bands which are 20 times weaker than  the 
v 1+ v3 cannot be detected in the present experimental setup. At higher frequency, other 
band origins cannot be detected since our diode laser only covers the spectral region up to 
6630 cm-1 . One relatively strong transition at 6622.954 cm-1 , line 776 from Ref. [16], (at 
the edge of the scan region of our diode laser!) is not assigned yet, but it is very unlikely 
th a t this transition belongs to one of the two identified bands.
As already mentioned in the introduction, many vibrational bands are expected in the
1.5 im  region: the 2v1, 2v3, v1+ v 3, v1+2v4, v3+2v4, 4v4, v 1 +4v2, 4v2+ v 3, 4v2+2v4, and 
the 8v2 bands, most of them  having several \l\ components. Up to now, and including the 
present study, rovibrational transitions of only three bands have been reported: originating 
from the two perpendicular bands at 6557 cm-1 (assigned as the v1+2v4 \l\=2) and at 6609 
cm-1 (v1+ v 3), and the parallel band at 6794 cm-1 (2v3 \l\=0 [16]).
From the experimental data obtained in this study, the vibrational assignment of the 
observed bands is not straightforward. For example, the perpendicular band observed at 
6557 cm-1 , which is in the previous section assigned to the v1+2v4 , can as well be assigned 
to the the \l\ =  1 component of the v3+2v4. Following the procedure described by Mills [22], 
the effective Z value (Zeff, defined as the value of Z obtained by fitting the band as an \l\ =  1 
band) of the \l\ =  1 component of the v3+2v4 state is Zeff= —Z3+2Z4, while the Zeff of the 
\l\=2 component of the v1+2v4 state (and of the 2v4 and v2+2v4 states) is Zeff= —2Z4. Since, 
Z3~+0.05  and Z4~ —0.23, the Zeff of the \l\ =  1 component of the v3+2v4 state is —0.51, while 
the Zeff of the \l\=2 component of the v1+2v4 state is +0.46. F itting the data  set (from 
Table 5.1) to Eq. (5.1) with \l\ =  1, taking into account the proper selection rules, results in 
the same rotational constants as listed in the last column of Table 5.2, but the value for 
Zeff is twice the value listed for Z in Table 5.2 and has an opposite sign (thus Zeff=+0.40). 
It is now evident th a t the v1+2v4 assignment is the right choice.
As an example of an alternative vibrational assignment, the perpendicular band at 
6609 cm-1 , which is now assigned to the v1+ v3, can as well be assigned to the \l\ =  1 
component of the v3+2v4 (i.e., l3= ± 1 , l4=0) which has the same Z value as the v1+ v 3 
band. As a consequence, it cannot be ruled out th a t the vibrational assignment of the 
observed bands in the 1.5 fim  region, based on the experimental data obtained in this 
experiment only, is incorrect. The presented rotational assignments ( J  and K  labels),
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however, remain correct.
5 .3 .4  V ib ra tio n a l a ss ig n m e n ts  by  C oy a n d  L e h m a n n
As mentioned in the introduction, several vibrational bands of NH3 have been observed and 
assigned by Coy and Lehmann [14, 15]. An overview of their results is shown in Table 5.3. 
The 2v3 and the v3+  2v4 band are outside the scan range of our laser. The origins of the 
v1+  v3 have been determined to be at 6608.83 cm-1 (s) and 6609.66 cm-1 (a), which are 
close to our values. Also the rotational constants match very well, considering tha t our fits 
are based on a small number of observed lines.
Table 5.3: Vibrational assignments o f the bands in the 1.5 ßm  region as reported by 
Coy and Lehmann [14, 15]. All the molecular constants are given in units of cm-1 .
band origin B ' C '
3à2 l=0 6796.733 9.529 6.269
3à2 l=0 6795.305 9.617 6.258
(V1+ 2V4)“TO |l|=2 6566.22 10.266 6.121
(V1+ V3)a |l|=1 6609.660 9.982 6.129
(V1+ V3)s |l|=1 6608.833 9.999 6.118
(V3+ 2V4)a |l|=3 6677.951 9.955 5.046
(V3+ 2V4)s |l|=3 6677.299 10.040 5.145
a3à2 |l|=2 6850.702 9.593 6.221
s3à2 |l|=2 6850.195 9.605 6.242
For the |/|= 2  component of the v1+  2v4 band only averaged values were presented for 
the molecular constants (average of the s and a values). The averaged band origin4 is 
6566.22 cm-1 and deviates strongly from our value (6557.18 cm-1). On the other hand, 
the rotational constants determined from our experimental data  compare well to those 
determined by Coy and Lehmann.
5.4 Sum m ary
In order to be able to assign transitions from the vibrational ground state towards the 
lowest rotational levels of the v1+ v 3 state, we have recorded the absorption spectrum 
of ammonia around 1.5 ßm  in a supersonic je t by using the sensitive cavity enhanced 
absorption technique.
Since the rotationally cold spectra of this band contain only a few fully resolved ro­
tational transitions, an assignment could easily be made. A simple rotational analysis
4The actual value of the band origin depends on the table and paper. In Ref. [14] one can find 6566.22 
cm-1 (Table 2, averaged value) and 6564.0 cm-1 (Table 7, for the s component), while in Ref. [15] the 
values 6566.22 cm-1 (Table 1, averaged value) and 6556.0 cm-1 (Table 2, for the s component) are listed.
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shows th a t the A B  values are small, resulting in not well-resolved Q branches in the room 
tem perature spectrum, which complicates its analysis.
Additionally, rovibrational transitions are assigned to the |/|= 2  component of the 
v1+ 2 v4 band. The origin of this band is 52 cm-1 red-shifted with respect to the origin of 
the v1+ v 3 band.
A complete rovibrational analysis of the v1+ v 3 and v1+2v4 bands is beyond the scope 
of present study. However, we are convinced th a t this study, together with the data from 
Coy and Lehmann [14, 15] and Lundsberg-Nielsen et al. [16], offers a good starting point 
for a full rovibrational analysis.
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Chapter 6
O pen-path  trace gas d etection  o f am m onia based on  
C avity E nhanced A bsorption  spectroscopy 1
A bstract
In this chapter a compact open-path optical ammonia detector is described. A tunable 
external cavity diode laser operating at 1.5 ßm  is used to probe absorptions of ammonia 
via the cavity enhanced absorption technique. The detector is tested in a climate chamber. 
The sensitivity and the linearity of this system is studied for ammonia and water at atm o­
spheric pressure. A cluster of closely spaced rovibrational overtone and combination band 
transitions, observed as one broad absorption feature, is used for the detection of ammo­
nia. On these molecular transitions a detection limit of 100 ppb (1 s) is determined. The 
ammonia measurements are calibrated independently with a chemiluminescence monitor. 
Compared to other optical open-path detection methods based on lasers in the 1-2 ßm  
region, the present result shows an improved sensitivity for contactless ammonia detection 
by over one order of magnitude. Using the same setup, a detection-limit of 100 ppm (1 s) 
is determined for the detection of water at atmospheric pressure.
1Adapted from: R. Peeters, G. Berden, A. Apituley, and G. Meijer, Appl. Phys. B 71, 231 (2000).
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6.1 Introduction
Industrial emissions and intensive livestock breeding are dominant contributors to the 
total amount of ammonia in the atmosphere. The ambient concentration and the time- 
integrated deposition of ammonia are im portant param eters in acidification and eutroph­
ication processes. These processes can result in environmental damaging effects and in 
public health hazards. It is therefore necessary to map out and control the ammonia emis­
sions and depositions. Hence, fast (>1 Hz), sensitive (sub-ppb) and non-intrusive ammonia 
detectors capable of measuring ammonia in ambient air are indispensable.
Most of the commercially available ammonia monitors use chemical, thermochemical or 
optochemical detection schemes and require the collection of atmospheric samples. Their 
sensitivity ranges from 1 ppt (chemical, thermochemical) [1] to 1 ppm (optochemical) but 
their response time, however, is usually long and, above all, their intrusive properties are 
unwanted for several applications. The sampling of air prohibits contactless measurements 
and, due to the adhesive properties of ammonia, long-term memory effects can introduce 
measurement errors.
These drawbacks can be circumvented by using the optical properties of the ammonia 
molecule. A measurement of the molecular absorption spectrum  provides information 
about the ammonia concentration in the probed volume. Over the years various optical 
detection schemes have been developed and used with the aim to construct a highly sensitive 
ammonia monitor. High detection sensitivities have been achieved using optoacoustical 
techniques with detection limits in the low ppb range [2-6]. Nevertheless, these methods 
still require the sampling of gas and thus are not suitable for open-path monitoring of 
ammonia.
The use of diode lasers for trace gas detection offers various advantages, among which 
their narrow laser bandwidth with the associated high frequency and species selectivity. 
Moreover, they are very compact, easy to use and affordable. These qualities make them  
well suited for the implementation in laser based trace gas detection systems. Diode lasers 
are commercially available throughout the 0.7-2.0 ßm  region, where many trace gas species 
of interest have rovibrational transitions. The rovibrational line strengths in these com­
bination and overtone bands are weak compared to the line strengths in the fundamental 
bands, and highly sensitive detection schemes are therefore needed.
For ammonia many vibrational bands have been reported in the 1-2 ßm  region [7-10]. 
On the basis of motives such as the line strength of the absorptions and the avoidance 
of interference with other atmospheric gases, different combination and overtone bands of 
ammonia have been chosen for the construction of an open-path ammonia sensor. This 
resulted in best detection limits of 2 ppm under atmospheric conditions in the 1.5 ßm  band 
[11-14] and of 55 ppm at a to tal pressure of 76 Torr in the 1.65 ßm  region [15]. Recently, new 
diode lasers operating in the 2.0 ßm  region have been used for the detection of ammonia 
and a detection limit of 1 ppm has been dem onstrated [16, 17]. These sensitivities have 
been achieved by using a diode laser system in combination with advanced measurement 
schemes like (two-tone) frequency modulation.
In this chapter, we report on the design and performance characteristics of our compact 
and open-path ammonia sensor based on cavity enhanced absorption spectroscopy. An
Open-path trace gas detection of ammonia based on CEA spectroscopy 107
Figure 6.1: Experimental setup for cavity enhanced absorption spectroscopy. Light 
from the scanning laser is split in two beams of which one is coupled into a high finesse 
optical cavity and the other is led through an 18 cm long reference cell containing 9 
Torr ammonia used for frequency calibration. The light exiting the high finesse cavity is 
detected with a photodiode and the time-integrated signal is used to extract information 
about the absorbing species that are present in this cavity.
external cavity diode laser (ECDL) is used to probe ammonia absorptions in the 1.5 ßm  
region. The ammonia sensor is tested and calibrated in a climate chamber [18]. A test 
gas generator is used to mix predetermined concentrations of ammonia with air in a well 
controlled and reproducible way. The ammonia concentration is calibrated independently 
using a chemiluminescence monitor. It is shown th a t with a simple setup involving CEA 
spectroscopy a sub-ppm detection limit for ammonia is readily achieved.
6.2 Experim ent
A scheme of the CEA experiment is depicted in Fig. 6.1. A continuous wave ECDL (New 
Focus, model 6262), operating in the 1512-1590 nm region with a 5 mW  maximum power 
and a laser bandw idth narrower than  5 MHz, is used as a light source. Temperature, 
current and frequency of the laser are regulated with an external controller. The frequency 
region of interest can be attained by adjusting the end mirror of the laser cavity with a 
pico-motor. During the measurement, the laser is scanned mode-hop free, and linearly 
in time, over 1 cm-1 frequency intervals at a rate of 32 Hz. This is done by applying a 
voltage ramp to the piezo-electric transducer th a t is connected to the end-mirror of the 
laser cavity.
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The light of the laser is coupled into a high finesse optical cavity formed by two plano­
concave mirrors with a specified reflectivity R  of 0.9997, a diameter of 25 mm and a 
radius of curvature r equal to —1 m. Optical feedback from the cavity back to the laser 
is minimized by a Faraday isolator placed in the beam directly behind the laser aperture. 
The mirrors are mounted in two mirror-holders th a t can be aligned independently. The 
distance d between the two mirrors is 65 cm. The exact cavity length is continuously varied 
by a piezo element fixed to the end-mirror in such a way th a t the cavity mirror will travel 
one wavelength in one full piezo scan (scan rate typically 0.5 Hz). This is equivalent to 
an ‘active destabilization’ of the optical cavity, and enhances the efficiency with which the 
narrow-band laser light is coupled into this cavity. The light exiting the cavity at the end 
mirror is detected with a photodetector (New Focus, Nirvana 2017) which is connected to 
an analog input of a multiplexer (National Instruments, BNC 2090). The data  is transfered 
to a Personal Computer via a D ata Acquisition Card (National Instruments, PCI-MIO- 
E 16) using LabView based acquisition software. The intensity of the light exiting the 
cavity is recorded and displayed as a function of the scanning voltage of the laser which is 
proportional to the laser frequency.
The absolute laser frequency is calibrated by measuring a direct absorption spectrum 
of 9 Torr NH3 in a cell simultaneously with the CEA spectrum. Most of the ammonia 
absorption frequencies in the 1.5 ß m region have been accurately measured and reported 
by Lundsberg-Nielsen et al. [9]. Since the ammonia spectrum  is very dense and complex, 
the different frequency regions show distinct patterns of absorption lines. Therefore, using 
the known line positions and line strengths, the absolute frequency of the diode laser can 
easily be determined.
In order to test the CEA based ammonia detector in an open-path setup, and to control 
the ammonia concentration in the probed volume, the CEA system is enclosed in a large 
perspex box. The complete setup is placed inside a climate chamber [18], where a test 
gas generator supplies a continuous flow of air with a known composition mixed with a 
predetermined concentration of ammonia gas. A scheme of the manifold including the CEA 
detector is shown in Fig. 6.2. In the gas generator, compressed air is cooled down to 2°C 
and liquid water is separated from the gas system. The air is purified in a heatless dryer 
consisting of two columns filled with silica gel and charcoal. The dried air flow can be mixed 
up with a known amount of water in the atomizer. The ammonia is added to the air and 
the gas composition is led via a Teflon-lined manifold into the perspex box enclosing the 
CEA detector at a flow rate of 0.50 l/m in. A relative humidity sensor is used to measure 
the water vapour concentration in the supplied gas mixture. Additionally, air from inside 
the box is sampled and transferred to an oven (800°C) in which the ammonia is converted 
to NOæ, th a t in tu rn  is detected by a chemiluminescence monitor. The ammonia and the 
water signal measured with the CEA ammonia sensor can thus be calibrated independently.
6.3 R esu lts and D iscussion
Lundsberg-Nielsen et al. [9] have reported a to tal of 1810 rovibrational ammonia lines in the
1.5 ßm  region, originating from a m ultitude of combination and overtone bands [7, 8, 10]
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C E A  setup
Figure 6.2: Test gas generator used to supply a continuous flow o f air with a predeter­
mined concentration of ammonia gas. Air is first purified and mixed with concentrations 
o f water and ammonia. This gas mixture is led via a Tefion-lined manifold to the CEA de­
tector enclosed in a large perspex box. The ammonia and water concentration in the box 
are independently measured with a chemiluminescence monitor and a relative humidity 
sensor, respectively.
from which our ECDL can reach approximately 700 lines. For the present studies, we 
choose the closely spaced cluster of ammonia lines at 6568.299, 6568.401 and 6568.463 
cm-1 with absorption coefficients of 7.556x10-4 , 7.602x10-4 and 0.948x10-4 cm-1Torr-1 , 
respectively [9]. Under ambient conditions these three lines blend into a broad absorption 
feature, one of the most intense ammonia features in the frequency region accessible to the 
laser. Furthermore, this is an isolated cluster of lines as the nearest ammonia absorption 
is more than  0.5 cm-1 away. Therefore, it is possible to scan the laser over 1 cm-1 without 
probing ammonia lines tha t will interfere with the lines under study, as is the case in other 
frequency regions where absorptions with comparable line strengths could in principle be 
used as well.
In Fig. 6.3 A, a direct absorption spectrum  of 9 Torr ammonia in a 18 cm cell measured 
in the reference path  is shown. The three closely spaced rotational lines are clearly visible 
and at the red side of the first strong line a very weak, hitherto unreported, absorption 
feature is seen. The line width is a result of both the Doppler broadening (~0.02 cm-1 ) 
and pressure broadening due to ammonia (self-broadening; ~20 M Hz/Torr).
In the CEA measurements, a low ammonia concentration is measured in air at atm o­
spheric pressure. The relative humidity of the gas mixture is zero. In Fig. 6.3 B the CEA
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F igure 6.3: A) Direct absorption spectrum o f 9 Torr ammonia measured in the 18 cm 
long reference cell. A  cluster o f four closely spaced rovibrational transitions is seen. B) 
CEA measurement o f 1.2 ppm  ammonia at atmospheric pressure. The relative hum idity 
in the gas mixture is zero. The spectrum is obtained in 8 seconds. The four separate 
rovibrational transitions now form one broad absorption feature. The line width is pre­
dominantly governed by the pressure broadening by air.
absorption spectrum  of 1.2 ppm  ammonia is shown. The spectrum  is the average of 256 
scans and is acquired in 8 seconds. The frequency axis is linearized using the direct ab­
sorption spectrum  as a reference. The absorption coefficient k (v ) is expressed in units of 
(1 — R )/d . In order to make this vertical scale absolute, the reflectivity of the mirrors has to 
be known precisely. Alternatively, the vertical axis can be calibrated with a known molecu­
lar absorption (vide infra). In this experiment, the CEA signal is calibrated independently 
using the ammonia concentration detected with the chemiluminescence monitor.
As the ammonia concentration is very low, self-broadening does not contribute notice­
ably to the spectral line width. The dominant contributor to the observed line width is 
pressure broadening by air, which is approximately 6 M Hz/Torr. The CEA spectrum  can 
be obtained by convoluting the low pressure spectrum  with a Lorentz profile. However, it 
is readily seen th a t the center of the broad absorption feature is not at the center of the
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two strong narrow lines in the cell spectrum. This is a result of the pressure-shift of the 
rovibrational lines. A detailed study showed th a t there is a non-equal shift for the 6568.299 
cm-1 and the 6568.401 cm-1 absorptions of ~0.8 M Hz/Torr and ~0.2 M Hz/Torr, respec­
tively. Therefore, their frequency separation will decrease under atmospheric conditions, 
which results in a narrower CEA feature.
Prior to the measurement of an ammonia spectrum  it is im portant to wait for the am­
monia concentration in the gas flow to stabilize. Due to the strong adhesive properties of 
ammonia, part of the gas will easily stick to the system surfaces. In addition, desorption 
from these surfaces will occur as well. The combination of these two effects will cause an 
additional variation of the ammonia concentration in the gas flow every time the concen­
tration is changed. When the read-out value of the chemiluminescence monitor is constant 
(within 5 ppb) for about ten minutes, the concentration in the gas flow is assumed to be 
stable and the actual measurement is started. After each session, the system is flushed 
with dry air in order to dispose of the residual ammonia in the system.
The linearity of the CEA detector is studied by varying the ammonia concentration 
in the air flow. The results are shown in Fig. 6.4. On the horizontal axis the ammonia 
concentration measured with the chemiluminescence monitor is plotted and on the vertical 
axis the integrated absorption S , which is the area under the detected absorption feature, 
is plotted. From Fig. 6.4 a linear dependence between the integrated CEA signal and the 
supplied concentration is evident. The detection limit defined as the concentration tha t 
results in a signal-to-noise ratio (SNR) equal to 1, is 100 ppb (1s).  This corresponds to a 
fractional absorption of 9x 10-8 cm-1Hz-1/2. The noise in the CEA spectrum  is determined 
by the residual mode structure, which is a result of the interaction of the cavity modes 
and the variation of the bandwidth and the power of the laser in the wavelength scans (see 
e.g., Chapter 3).
Interferences of water and carbondioxide can limit the detection of ammonia. Although 
the line strengths of these molecules are substantially weaker than  for ammonia, these 
species are far more abundant in the atmosphere (~10 000 ppm and ~360 ppm, respec­
tively). For field measurements, it is therefore im portant to choose ammonia absorptions 
th a t are free from interferences. For the frequency range shown in Fig. 6.3 B an interfering 
water absorption at 6568.407 cm-1 with a line strength of 9.6x10-6 cm-2atm -1 has been 
reported [19]. In order to verify the line position and line strength of this water absorption, 
we recorded the CEA spectrum  of 1 m bar water in a cell. The measurements (not shown) 
are in agreement with the reported values. In the 1.5 ß m  region there are several interfer­
ence free ammonia absorptions which can easily be selected. The sensitivity of the CEA 
technique scales linearly with the absorption cross-section and can thus be determined for 
the selected transition.
In order to test the linearity of the CEA detector over a larger range than  depicted 
in Fig. 6.4, higher concentrations of ammonia are needed. These measurements, however, 
are rather tedious, as they are time consuming due to the strong adhesive properties of 
ammonia (long stabilisation times). Therefore, we decided to extend the linearity curve 
by measuring absorptions of water. A spectral feature formed by two closely spaced water 
absorptions with line strengths of 9.10x10-5 and 3.04x10-5 cm-2atm -1 at respectively
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F igure 6.4: Linearity plot o f the CEA detector. For different ammonia concentrations 
the CEA spectrum is measured. The integrated absorption S, which is equal to the area 
under the CEA spectrum, is plotted versus the ammonia concentration measured with the 
chemiluminescence monitor. From these results a detection-limit o f the CEA technique 
for the selected ammonia transitions is determined to be 100 ppb (1 s), corresponding to 
a fractional absorption o f 9x10-8 cm-1 Hz-1/2.
0
6586.015 cm-1 and 6585.877 cm-1 [19] is measured at atmospheric pressure and the result 
is shown in Fig. 6.5. Even though there are no interfering ammonia absorptions in this 
frequency region, the whole system is flushed with dry air for 12 hours in order to get 
rid of residual ammonia. The relative humidity and the tem perature are measured inside 
the box with a relative humidity sensor and are 60% and 20 °C, respectively. W ith this 
information the number density of water in the gas flow can be calculated. The spectrum 
is acquired in 8 seconds. The profile of the absorption contour is fitted, assuming identical 
Voigt profiles for the two transitions (dashed lines in Fig. 6.5). The linearity of the CEA 
sensor is tested for water and the plot is shown in the inset of Fig. 6.5. A clear linear 
dependence between the integrated CEA signal and the water concentration detected with 
the relative humidity sensor is observed. From these results the detection-limit of the CEA 
technique for the examined water absorption is determined. A SNR equal to 1 is obtained 
when the water concentration in the gas flow is 100 ppm. This corresponds to a relative 
humidity of 0.5 % at a tem perature of 20 °C.
In a CEA spectrum  the absorption is expressed in units of (1 — R ) / d  (see Figs. 6.3 and 
6.5). Therefore, the integrated absorption in the linearity plots (Fig. 6.4 and the inset of 
Fig. 6.5) is also presented in units tha t depend on (1 — R) / d .  For water, the integrated 
absorption cross-sections are precisely known [19]. As a result, we can determine (1 — R ) / d  
from the slope of the linearity plot for water. This provides us with the reflectivity of the 
mirrors; R~0.99971(3), which is in good agreement with the specified value. In return,
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Figure 6.5: CEA measurement o f two closely spaced water lines that blend into one 
absorption feature at atmospheric pressure. The dashed line represents the two decon- 
voluted water absorptions. In the inset the results o f the linearity measurement for the 
water absorptions are shown. A  clear linear dependence is seen and a detection-limit o f 
100 ppm  (1s)  is found.
this result shows tha t CEA is an absolute absorption technique provided tha t the mirror 
reflectivity is known.
The sensitivity of the CEA technique for the detection of molecular species (here am­
monia and water) can be enhanced in various ways. It can be seen from Figs. 6.3 and
6.5 th a t k (v ) is plotted in units of (1 — R )/d . It is evident th a t by selecting a longer 
cavity length, a higher mirror reflectivity and /o r absorptions with stronger line strengths, 
the detection-limit can be lowered. Note th a t an increase of the cavity length will de­
crease the manageability of the setup. For ammonia, there are several frequency regions 
with more intense absorption lines. In the 2.0 ß m  region, where compact diode lasers are 
presently available, cross-sections five times stronger than  in the 1.5 ßm  region have been 
reported [16]. Moreover, the fundamental rovibrational absorption bands of ammonia are 
even more intense (for example, rovibrational transitions in the v=2 band can be up to 
~60 times stronger than  those in the 1.5 ßm  region; see Chapter7) and by probing tran ­
sitions in these regions low-ppb detection-limits should be able to be obtained [20]. The 
resulting setup, however, will be more complicated as there are no light sources for these 
rovibrational bands th a t are as easy to use as the commercially available diode lasers. If we
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choose the 0.7-2.0 ßm  region, we can calculate the sensitivity of the CEA technique for the 
detection of other molecules using the measured detection-limits for ammonia and water, 
and the known absorption line strengths. For example, a detection-limit for H2S in the
1.5 ß m region similar to the ammonia result is expected, as the absorption cross-sections 
are of the same order of magnitude [21]. The sensitivity of the CEA technique for HF 
detection in the 1.3 ßm  band is estim ated to be in the low ppb range [20].
6.4 Sum m ary
In this chapter we have dem onstrated a highly sensitive and simple technique to moni­
tor ammonia and water at atmospheric pressure using cavity enhanced absorption spec­
troscopy. A compact diode laser operating at 1.5 ßm  is used as a light source. The ammonia 
and water measurements are calibrated independently using a chemiluminescence monitor 
and a relative humidity sensor, respectively. The ammonia detection-limit of the CEA 
sensor is 100 ppb (1 s), at least one order of magnitude better than  the previously reported 
sensitivities using open-path detection systems based on lasers. For water a detection- 
limit of 100 ppm (1 s) is shown. A clear linear dependence between the detected signal 
and the concentration is demonstrated. The absolute absorption measured in a CEA ex­
periment depends on the value of the reflectivity of the cavity mirrors. From the CEA 
water measurements and the known water absorption cross-sections, the mirror reflectivity 
is calculated (which is in good agreement with the specified value). This indicates tha t 
the CEA technique can operate as a stand-alone sensor from which absolute gas concen­
trations can be obtained. In view of the scanning capabilities of the diode laser and the 
abundant absorptions of several molecules in the 1.5 ßm  region, it is in principle possible 
to construct a single laser multigas sensor. The applicability of the CEA technique can 
readily be extended to other frequency regions, and thereby to the detection of a large 
variety of molecules.
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Chapter 7
CEA spectroscopy in th e  10 ßm  region using a 
w aveguide CO2 laser 1
A bstract
The cavity enhanced absorption technique is extended into the 10 ßm  region using a 
line-tunable continuous wave CO2 laser. Part of the laser beam is deflected by an acousto 
optical m odulator (AOM), and is used to excite a mechanically unstable high-finesse optical 
cavity. In order to assure a stable and optimal transm ittance of light through the cavity, 
the laser frequency and the cavity eigenfrequencies are modulated independently. The 
tim e-integrated intensity of the light exiting the cavity, which is inversely proportional to 
the cavity losses, is measured using a lock-in detection scheme. An absorption detection 
sensitivity of 1.5x10-6 cm-1 Hz-1/2 is easily obtained with a rather simple setup.
1Adapted from: R. Peeters, G. Berden, A. Ólafsson, L.J.J. Laarhoven, and G. Meijer, Chem. Phys. 
Lett. 337, 231 (2001).
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7.1 Introduction
The cavity enhanced absorption technique can be applied as an open-path setup and there­
by allowing non-extractive in-situ measurements. This is of significance when measure­
ments are carried out on polar molecules with strong adsorptive properties such as am­
monia or water. In the 1.5 ßm region, the absorption detection sensitivity at atmospheric 
pressure has been determined to be 9x10-8 cm-1 Hz-1/2 from CEA measurements in a 
climate chamber (see Chapter 6). This corresponds to a detection-limit for ammonia of 100 
ppb (1 s) [1]. Switching from the 1.5 ßm region to the 10 ßm  region, gives access to the fun­
damental v2 vibrational band of ammonia. This band is a factor of ~60 stronger than the 
overtone and combination bands present in the 1.5 ßm  region and a lower detection-limit 
is therefore anticipated.
The department of Molecular and Laser Physics at the University of Nijmegen houses 
the ‘Life Science Trace Gas Exchange Facility’, which operates several cw CO and CO2 
laser-based photoacoustic detectors to monitor trace gases at atmospheric conditions [2]. 
A sensitivity down to 10-10cm-1 has been demonstrated with intra-cavity CO2 laser pho­
toacoustics [3], corresponding to a few ppt detection-limit for ammonia with the 9R30 line. 
This estimate does however not account for the interference of ambient CO2 nor for the ad­
sorptive properties of ammonia, which complicate all extractive techniques as well as CO2 
scrubbing. Other detection schemes have been developed which use an open-path setup 
in combination with a CO2 laser, such as photothermal deflection (PTD) spectroscopy [4] 
and cw cavity ring down spectroscopy [5, 6].
In this chapter we describe the application of the CEA technique [7] using a waveguide 
CO2 laser as a light source. The measurements are performed in a closed cell system to 
allow rapid evacuation and control of the gas concentration during the experiments. It is 
shown that highly sensitive and fast, non-extractive measurements can be performed in 
the 10 ß m region with a simple experimental setup.
7.2 Experim ent
The CEA technique has been described in Chapter 3. Up to now, CEA spectroscopy has 
been performed with continuously tunable lasers. The cw waveguide CO2 laser which is 
used in the present experiments, is line-tunable, with a free spectral range limited intraline 
tunability of less than 100 MHz.
In CEA spectroscopy light is coupled into the optical cavity whenever a resonance 
between the laser frequency and the frequency of one of the cavity eigenmodes occurs. 
Since the time-integrated intensity of the transm itted light is measured, it is important 
that the rate with which the light is coupled into the cavity is constant. Therefore, both 
the laser frequency and the frequencies of the cavity modes need to be modulated.
In Fig. 7.1 a schematic overview of the experimental setup is shown. The single mode 
CO2 waveguide laser [3] emits radiation between 9 and 11 ßm. Line tuning of the laser 
is achieved by adjusting the grating angle. A piezo-electric element holding the output 
mirror of the laser cavity is used to modulate the laser frequency at a rate of 400 Hz. The 
laser beam passes through an acousto optical modulator (AOM), which is switched on and
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Figure 7.1: Scheme of the CEA setup. Light from a waveguide CO2 laser is modulat­
ed in frequency by a piezo-electrical element mounted on the output mirror of the laser 
resonator. The beam passes through an acousto optical modulator, of which the driving 
voltage is modulated. The undeflected beam is used to monitor the output power of the 
laser. The deflected beam is coupled into a high finesse optical cavity, that is mounted 
inside a cell that can be evacuated. The cavity length is modulated during the measure­
ment using a piezo element mounted on one of the mirrors. The CEA signal is detected 
with a liquid nitrogen cooled M CT detector which is connected to a lock-in amplifier.
off at a rate of about 30 Hz. The undeflected beam is used to monitor the power output 
of the laser. The deflected beam, which is shifted 90 MHz in frequency, is used to excite 
the high finesse optical cavity. Apart from intensity modulating the laser beam, the AOM 
also prevents optical feedback into the laser.
The optical cavity is placed inside a stainless steel cell that can be evacuated. Light 
enters and exits the cell through ZnSe windows. The cavity consists of two highly reflective 
plano-concave mirrors (Laser Power Optics) separated by a distance d of 19.2 cm. The 
mirrors can be aligned independently from the outside of the cell. One of the cavity mirrors 
is mounted on a piezo-electrical transducer, which is used to vary the cavity length (at a 
rate of 40 Hz). A ZnSe lens is placed just after the cell exit window in order to collect all 
the light exiting the cavity. The intensity of the light is detected with a liquid nitrogen 
cooled MCT detector, which is connected to a lock-in amplifier to get rid of background 
signal due to thermal radiation. The modulation frequency of the AOM is used as the 
reference for the lock-in amplifier. The demodulated signal is digitized and stored in a 
computer.
As can be seen from Eq. 3.1, the measured absorption in a CEA experiment is expressed 
in units of (1 — R ) /d  (where d now is equal to l). In order to put the absorption on an 
absolute scale, the effective mirror reflectivity must be known. Since the reflectivity of
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our mirrors was not known, it was determined by measuring the absorption of a molecule 
with a well known absorption cross section and concentration. For this purpose, we used 
a certified mixture of 1 ppm ethylene in air (80 % N2 and 20 % O2). Ethylene has an 
absorption coefficient of 30.4 atm -1 cm-1 at atmospheric pressure, at the 10P14 CO2 laser 
line (949.479 cm-1) [8].
The calibration procedure is as follows. The cell containing the cavity is filled with 1 
bar pure nitrogen, and the CEA measurement is started. Next, the cell is evacuated, and 
filled with the 1 ppm ethylene/air mixture. During pumping and filling the measurement 
is halted, since the cavity alignment gets strongly distorted due to the rapid pressure 
fluctuations. After a minute, the cavity is stable again, and the measurement is continued. 
This cycle is repeated many times.
7.3 R esults
Two parts of a more than 3 hour measurement are shown in panels A and B of Figure 7.2. 
The integration time of the lock-in amplifier is set to 1 second, while every 20 seconds 
a data point is recorded. The measurement in panel A starts with the 1 ppm ethylene 
mixture, followed by pure nitrogen, and then the 1 ppm mixture again. The 1 ppm ethylene 
absorption coefficient amounts to 0.73x(1 — R )/d . W ith a cavity length of 19.2 cm, the 
mirror reflectivity is calculated to be 0.9992.
By reducing the pressure to 0.5 bar, and adding nitrogen up to a total pressure of 1 
bar, we tried to create a 500 ppb ethylene in nitrogen mixture. This was repeated in order 
to obtain a 250 ppb etylene mixture. The results are shown in the last part of panel A. 
The dashed lines in Figure 7.2 indicate the absorption coefficients corresponding to 1 ppm, 
500 ppb, and 250 ppb, respectively. It can be seen that the measured absorption values do 
not exactly match the expected values. This is due to the rather crude way of making the 
leaner mixtures. The tube between the cell and the pump is rather long and has a volume 
comparable to th at of the cell. The gas inlet and the pump connection are at opposite sides 
of the cell. Therefore, it is expected that it takes some time before the actual concentration 
at the axis of the cavity has reached the 500 ppb or 250 ppb value, as can be seen in the 
figure. Panel B is similar to panel A, and shows measurements about 1.5 hour later. It is 
evident that the measured 1 ppm level is reproducible.
Panel C shows a measurement taken on another day with a different data-acquisition 
system which is capable of measuring at a higher repetition rate. The integration time of 
the lock-in amplifier is again set to 1 second, while now a data point is recorded every 0.3 
seconds. This panel shows again the absorption of 0 ppm, 1 ppm, 0.5 ppm, and 0.25 ppm 
ethylene in nitrogen. From these measurements we can determine the detection-limit of 
this CEA configuration for ethylene to be 50 ppb (in 1 s), corresponding to a sensitivity of 
1.5x10-6 cm-1Hz-1/2.
The advantage of the CEA technique is the open-path character, which allows monitor­
ing of fast concentration changes. Figure 7.3 shows the result of such an experiment (0.1 
second integration time of the lock-in amplifier, data points recorded every 0.06 seconds). 
We injected a small sample of pure ethylene at time point A. The measured absorption in-
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Figure 7.2: Cavity enhanced absorption measurements of 1 ppm ethylene in 1 bar 
nitrogen. Panels A and B show parts of a more than 3 hour measurement. The datapoints 
are sampled each 20 s, while the integration time of the lock-in amplifier is set to 1 s. 
Panel A shows measurements on the gas mixtures sequence; 1 ppm C2H4, pure N2, 1 
ppm C2H4, 0.5 ppm C2H4, 0.25 ppm C2H4, and pure N2. The 0.5 ppm and 0.25 ppm  
dilutions are produced rather crudely (see text). The dashed horizontal lines indicate the 
expected 1, 0.5, and 0.25 ppm C2H4 signal levels. Panel B shows a sequence of pure N2 
and 1 ppm C2H4 samples. Right after the last 1 ppm measurement, a few data points 
are measured on a 0.5 ppm dilution. Panel C shows a similar measurement applying a 
different data-acquisition system; the lock-in integration time is 1 s, while the sampling 
rate is 3 Hz.
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Figure 7.3: Time response of the CEA setup. A small amount of pure ethylene is injected 
into the open cell at time-point A. The ethylene absorption signal increases immediately 
to a value corresponding to about 48 ppm, as shown in the inset. The cell is flushed with 
pure nitrogen at time-point B.
creases to a value corresponding to 48 ppm ethylene within a second (see inset of Fig. 7.3), 
followed by a decrease which results from diffusion of ethylene throughout the cell. At 
time point B, we supplied a flow of nitrogen to the open cell, which steadily removes the 
ethylene from the cell. Since the absorption curve is obtained by plotting the inverse of the 
measured signal, low signal levels, thus high absorptions, as shown in the inset of Fig. 7.3, 
show bit-noise due to the analog-to-digital conversion.
7.4 D iscussion
In the previous chapter, we reported a sensitivity of 9x10_s cm_1Hz_1/2 for detection of 
species at atmospheric pressure [1]. In that study, a cw diode laser was used which can 
be scanned continuously over the spectral absorption feature contrary to the line-tunable 
CO2 laser. The laser was scanned repeatedly (at a rate of 30 Hz) over the molecular 
absorption line, and the subsequent scans were summed during the CEA measurement. As 
a result, the on and off resonance absorption are measured simultaneously and the drift 
of the baseline is therefore cancelled. In the present experiment, the on and off resonance 
absorption are not measured simultaneously, which limits the sensitivity.
Furthermore, it is evident from Figure 7.3 that there is a periodic noise superimposed 
on the signal. Experimentally, it was found that the intensity and frequency of this noise
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can be changed by adjusting the modulation frequencies of the AOM, the laser and cavity 
piezos, and it can not be excluded that we have not found the optimum settings.
The sensitivity of our present setup is 1.5x10-6 cm-1 Hz-1/2. This value can be com­
pared with those obtained in other studies using a CO2 laser with an open-path setup. 
Mürtz et al. [5] used the cw-CRD technique. In their setup, mode matching optics are 
needed in order to excite mainly the longitudinal modes. The laser frequency is locked to 
the frequency of one of the longitudinal cavity eigenmodes. When sufficient light is coupled 
into the cavity, a threshold circuit triggers an AOM which switches off the laser beam. Sub­
sequently, the intensity of the light exiting the cavity is measured time resolved. From the 
decay time, the so-called ring down time, the absorption coefficient is determined. In their 
study, Mürtz et al. [5] claimed a sensitivity of 3x10-7 cm-1 Hz-1/2, with mirrors having 
a reflectivity of 0.995. In a similar experiment, Bucher et al. [6] reported a sensitivity of 
4x10-9 cm-1 Hz- 1/2.
De Vries et al. [4] reported on photothermal deflection spectroscopy. In the PTD 
technique the deflection of a weak probe laser beam by the thermal refractive index gradient 
induced by trace gas absorption of an intense pump laser beam is measured. In their 
experiment the intra-cavity beam (100 W) of a CO2 laser was used as the pump laser and 
a He-Ne laser was used as the probe laser in a multipass configuration. Part of the probe 
beam was used to correct for air turbulences. The reported sensitivity is 1.5x10-8 cm-1 
Hz- 1/2. Although PTD spectroscopy is a non-extractive technique with a high sensitivity, 
the experiment is rather involved.
Comparing the sensitivities of the CEA, cw-CRD, and PTD techniques, it is clear 
that the CEA technique is the least sensitive one. On the other hand, the sensitivity of 
the present CEA setup is only a factor 5 less than that of the cw-CRD setup reported 
by Murtz et al. [5]. However, both the cw-CRD technique and the PTD technique are 
experimentally more involved than the CEA technique. Furthermore, our setup is rather 
insensitive to mechanical disturbances. Mechanical vibrations can even be used to enhance 
the sensitivity of CEA spectroscopy, since a more stable incoupling of light into the cavity 
will occur [1, 9, 10]. It is expected that the noise that limits our sensitivity, can be reduced, 
since it is a result of beating between the frequencies of the applied modulations. Therefore, 
it is anticipated that the CEA setup will be of more practical use on a remote locations.
The time response of our setup is, in principle, only limited by the integration time 
of the lock-in amplifier. This is also the case for the PTD technique. For the cw-CRD 
technique, the time response is limited by the rate at which the ring down decay transients 
can be recorded and analyzed, and by the time needed to re-lock the laser frequency to 
that of the cavity.
In this chapter, we have demonstrated th at a line-tunable CO2 laser can be used to 
perform CEA measurements. It is also shown th at a lock-in detection scheme can be used 
in CEA spectroscopy in order to substract background signal due to thermal radiation. At 
present the sensitivity is 1.5x10-6 cm-1 Hz-1/2, which results in a 50 ppb (1 s) detection- 
limit for ethylene on the 10P14 laser line. For detection of ammonia, this sensitivity 
corresponds to a detection limit of 25 ppb (1 s) on the 9R30 laser line [8]. Since the 
present sensitivity is limited by periodic noise (beating), it is expected that the sensitivity
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can be improved in future experiments.
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Sam envatting
R esonator V ersterkte A bsorptie spectroscopie
In dit proefschrift staat een nieuwe detectiemethode beschreven: Resonator Versterkte 
Absorptie spectroscopie (C avity Enhanced Absorption (CEA) spectroscopy). Deze tech­
niek is ontwikkeld om zeer gevoelig en contactloos gassen te kunnen meten. De gevoe­
ligheid, de spectrale resolutie en het functioneren in verschillende meetomgevingen van de 
CEA techniek zijn bestudeerd in verschillende experimenten.
Moleculen hebben een specifieke lichtabsorptie vingerafdruk die gerelateerd is aan hun 
moleculaire structuur. Door gebruik te maken van de absorptie van licht door moleculen 
kunnen contactloze, in de tijd opgeloste metingen worden verricht. In standaard directe 
absorptie spectroscopie gaat licht eenmaal door een gas en wordt de verandering van de 
lichtintensiteit als gevolg van de moleculaire absorptie gemeten en dit levert informatie op 
over de concentraties van de absorberende componenten in het gas. Omdat de te bestuderen 
concentraties vaak laag zijn, zal de lichtintensiteitsverandering als gevolg van de absorptie 
klein zijn. In directe absorptie spectroscopie wordt deze verandering tevens gemeten op 
een groot achtergrond signaal. Door de aanwezigheid van ruis is het vaak moeilijk om het 
zwakke absorptiesignaal te zien en de gevoeligheid van directe absorptie spectroscopie is 
dan ook laag.
De gevoeligheid kan verbeterd worden door gebruik te maken van bijvoorbeeld betere 
detectoren, stabielere lichtbronnen, modulatietechnieken (amplitude- of frequentiemodu- 
latie) en/of een ‘multipass’-cel. In een ‘multipass’-cel wordt de absorptiepadlengte ver­
groot door het licht met behulp van spiegels meerdere malen door het gas te sturen. De 
absorptiepadlengtes die met een ‘multipass’-cel gehaald kunnen worden, kunnen oplopen 
to t enkele honderden meters.
In Hoofdstuk 2 wordt Resonator Verval Absorptie spectroscopie (C avity R ing Down 
(CRD) spectroscopy) beschreven. In deze meettechniek wordt een hoge gevoeligheid be­
haald door de absorptiepadlengte te vergroten met behulp van een optische trilholte. Een 
standaard CRD opstelling bestaat uit een lichtbron, meestal een laser, twee hoog re­
flecterende spiegels (die samen de optische trilholte vormen) en een snelle detector. De 
optische trilholte is in principe een transmissie filter die slechts bepaalde lichtfrequen- 
ties doorlaat. Deze doorlaatfrequenties worden de eigentrillingen genoemd en worden 
bepaald door de afstand tussen, en de kromtestraal van, de spiegels. In CRD spectro­
scopie wordt licht op de inkoppelspiegel van de trilholte geschenen en de lichtfrequenties 
die overeenkomen met de eigentrillingen zullen in de optische trilholte geraken. Als de 
lichtbron een gepulste laser is, kan de geometrie van de trilholte zo worden gekozen dat
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meerdere eigentrillingen binnen de (brede) bandbreedte van de laser aanwezig zullen zijn. 
Het gevolg is dat per laserpuls altijd licht in de trilholte wordt gekoppeld. Het licht dat in de 
trilholte gekoppeld is, wordt vele malen tussen de twee spiegels heen en weer gereflecteerd 
en een klein gedeelte van dit licht komt per reflectie uit de optische trilholte. Als de afstand 
tussen de twee spiegels 1 meter is en de spiegelreflectiviteit van de spiegels 99.99% is, dan 
legt het licht een afstand van 10 kilometer af voordat de intensiteit afgenomen is to t 1/e 
(circa 1/3) van zijn oorspronkelijke waarde. De tijd waarin de lichtintensiteit in de optische 
trilholte afneemt to t deze waarde wordt de trilholte vervaltijd ( t ) genoemd. De trilholte 
vervaltijd wordt voornamelijk bepaald door de spiegelreflectiviteit ( t  wordt kleiner als de 
spiegelreflectiviteit vermindert) en een eventueel absorberend gas dat zich in de optische 
trilholte bevindt ( t  wordt kleiner bij meer absorptie). Door de t  van een systeem (trilholte 
en absorberend gas) te bepalen, kan informatie verkregen worden over een absorberend 
gas dat zich in de optische trilholte bevindt. Typische vervaltijden zijn in de orde van 
nanoseconden to t microseconden en snelle detectoren zijn nodig voor de CRD metingen. 
In CRD spectroscopie kan de gemeten data direct op een absolute schaal geplaatst worden 
en quantitatieve gegevens kunnen eenvoudig verkregen worden. Het is belangrijk om op te 
merken dat in CRD spectroscopie niet een absorptiesignaal op een groot achtergrondsig- 
naal wordt gemeten, maar dat de vervaltijd van de lichtintensiteit in de trilholte wordt 
bepaald. Hierdoor heeft CRD spectroscopie het voordeel dat een meting onafhankelijk is 
van de intensiteit van de lichtbron en dus onafhankelijk is van intensiteitsfluctuaties. Een 
CRD absorptiespectrum wordt verkregen door als functie van de lichtfrequentie de trilholte 
vervaltijd te bepalen.
Als in plaats van een gepulste laser een continue laser wordt gebruikt, zullen de reso­
nanties tussen de lichtfrequenties en de eigentrillingen minder eenvoudig voorkomen. Dit 
is een gevolg van de smalle bandbreedte van continue lasers, waardoor een overlap met 
eigentrillingen niet meer vanzelfsprekend is. Om toch licht in de optische trilholte te 
krijgen, moet expliciet gezorgd worden voor resonanties tussen de lichtfrequenties en de 
eigentrillingen. Dit kan op allerlei manieren en deze staan beschreven in Hoofdstuk 2. 
Met behulp van extra optische componenten en een speciale trilholte geometrie wordt een 
eigentrilling structuur gemaakt, waarin alleen bepaalde eigentrillingen aanwezig zullen zijn. 
Tevens is het belangrijk dat deze eigentrilling structuur niet verstoord wordt door externe 
mechanische trillingen. Het continue licht wordt in de trilholte gekoppeld gedurende een 
resonantie tussen een lichtfrequentie en een eigentrilling. Zodra voldoende licht in de tril­
holte aanwezig is, wordt de resonantie verbroken. Vervolgens wordt, net als in de gepulste 
CRD variant, de trilholte vervaltijd gemeten. In Hoofdstuk 2 wordt CRD spectroscopie 
en alle variaties erop uitvoerig beschreven en in de vorm van een tabel wordt een volledig 
overzicht gegeven van alle to t april 2001 uitgevoerde CRD experimenten.
In Hoofdstuk 3 wordt de CEA detectiemethode beschreven. Deze continue absorptie 
techniek maakt, net als in CRD spectroscopie, gebruik van een optische trilholte om de 
absorptiepadlengte te vergroten. Het licht van de continue laser wordt op de inkoppel­
spiegel geschenen en zal in de optische trilholte worden gekoppeld zodra een resonantie 
optreedt tussen de lichtfrequentie en een eigentrilling. In tegenstelling to t continue CRD 
spectroscopie wordt in CEA spectroscopie een eigentrilling structuur gebruikt waarin zoveel
Samenvatting 129
mogelijk eigentrillingen aanwezig zijn. Dit kan eenvoudig bereikt worden door een goede 
keuze van de geometrie van de trilholte. Tevens zijn extra optische componenten nu niet 
nodig. Resonanties tussen de lichtfrequenties en de eigentrillingen zullen bijna continu op­
treden. Zodra een resonantie optreedt, zal een opbouw van lichtintensiteit plaatsvinden in 
de trilholte. Als de resonantie wordt verbroken, zal de lichtintensiteit in de trilholte afne­
men zoals in CRD spectroscopie. In tegenstelling to t CRD spectroscopie wordt in CEA 
spectroscopy niet de trilholte vervaltijd bepaalt, maar wordt de totale lichtintensiteit, die 
gedurende een bepaalde tijdsperiode uit de trilholte komt, gemeten. Hierdoor kunnen de 
CEA metingen met een langzamere detector worden gedaan. In Hoofdstuk 3 wordt aange­
toond dat, onder bepaalde omstandigheden, de totale lichtintensiteit, die uit de trilholte 
komt, evenredig is met t . Een meting van de totale lichtintensiteit levert informatie op 
over de spiegelreflectiviteit en/of een absorberend gas. Met behulp van metingen aan zuur­
stof wordt getoond, dat met de CEA techniek een gevoeligheid kan worden behaald die 
gelijk is aan de gevoeligheid van gepulste CRD spectroscopie. In tegenstelling tot CRD 
spectroscopie wordt de data in een CEA meting niet op een absolute schaal verkregen. 
Om een CEA meting toch absoluut te maken, moet of de spiegelreflectiviteit bekend zijn 
of het onbekende te bestuderen gas tegelijkertijd gemeten worden met een bekend gas. In 
Hoofdstuk 3 wordt dit getoond aan de hand van simultane water- en ammoniakmetingen.
Omdat de eigentrilling structuur in CEA spectroscopie quasi-continu is, worden bepaalde 
lichtfrequenties niet in de trilholte gekoppeld. De frequenties die niet in de trilholte ge­
raken, zullen afwezig zijn in de uiteindelijke CEA meting. Als per nieuwe meting de trans- 
missiekarakteristiek van de optische trilholte veranderd wordt (door de trilholte geometrie 
te veranderen), kunnen per meting andere lichtfrequenties in de trilholte gekoppeld worden. 
Door meerdere metingen te middelen, kan zo een CEA spectrum verkregen worden waarin 
geen lichtfrequenties afwezig zullen zijn. Aan de hand van metingen aan gekoeld zuurstof 
in een supersonische jet-expansie wordt getoond dat met de CEA techniek metingen met 
een hoge spectrale resolutie kunnen worden gedaan.
In CEA spectroscopie wordt de gevoeligheid mede bepaald door de mate waarin de 
eigentrilling structuur zichtbaar blijft in het CEA absorptiespectrum. Externe mechanische 
trillingen zorgen ervoor dat de trilholte geometrie continu wordt veranderd en dat tijdens 
een meetsessie telkens een andere eigentrilling structuur aanwezig zal zijn. Als gevolg van 
de externe mechanische trillingen zal de eigentrilling structuur die zichtbaar blijft in een 
CEA absorptiespectrum kleiner worden en zal de spectrale resolutie verbeterd worden. In 
CEA spectroscopie kan een absorptiespectrum net zo snel verkregen worden als in directe 
absorptie spectroscopie, maar met een veel hogere gevoeligheid. Het is mogelijk om tijdens 
een CEA meting direct de resultaten van aanpassingen aan het meetsysteem te bekijken. 
Dit levert een grote flexibiliteit op bij het opzetten en het optimaliseren van de metingen.
In Hoofdstuk 4 worden CEA metingen aan (warm) water en het OH radicaal beschreven. 
Aan de hand van metingen in een oven en twee vlammen wordt aangetoond dat CEA 
spectroscopie uitstekend toegepast kan worden in stralingsrijke omgevingen. Het absorp- 
tiespectrum van water is gemeten bij 300 K en 1100 K in een oven die geplaatst is in de 
optische resonator. De meetresultaten zijn vergeleken met berekeningen die gebaseerd zijn 
op gegevens uit bestaande databases (HITRAN voor 300 K en HITEMP voor 1100 K).
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Hieruit blijkt dat zowel bij 300 K als bij 1100 K discrepanties optreden tussen de meetre­
sultaten en de berekeningen. Een OH absorptie is gemeten bij meerdere oventemperaturen 
en op verschillende hoogten in de twee vlammen. Met behulp van de ovenmetingen en 
berekeningen gebaseerd op gegevens uit databases zijn de tem peraturen op verschillende 
hoogten in de vlammen bepaald.
Door de absorptie van licht door ammoniak te bestuderen is het mogelijk informatie 
te verkrijgen over de moleculaire constantes en de energieniveaus van ammoniak. In het
1.5 ßm  golflengtegebied wordt een studie hiernaar bemoeilijkt als gevolg van meerdere 
storende wisselwerkingen tussen het grote aantal bezette energieniveaus. De mate waarin 
een energieniveau bezet zal zijn is afhankelijk van de interne bewegingsenergie van het 
molecuul. Door deze bewegingsvrijheid in te perken, bijvoorbeeld door middel van koeling, 
zal het aantal bezette energieniveaus flink afnemen en wordt het bestuderen van de mole­
culaire constantes en energieniveaus een stuk eenvoudiger. In Hoofdstuk 5 staan metingen 
beschreven aan ammoniak gekoeld in een supersonische jet expansie. Met behulp van de 
meetresultaten zijn de laagste energieniveaus van ammoniak bepaald. De resultaten zijn 
vergeleken met resultaten die gepresenteerd zijn in onafhankelijke studies.
Commerciüele externe resonator diode lasers zijn compact en eenvoudig te bedienen en 
zeer geschikt om in combinatie met CEA spectroscopie contactloos ammoniak te meten 
op locatie (zoals bijvoorbeeld in een veld). In Hoofdstuk 6 staan metingen beschreven die 
onder atmosferische druk zijn uitgevoerd aan ammoniak in het 1.5 ßm  golflengtegebied. 
Uit de resultaten van deze metingen is de detectie-limiet van CEA spectroscopie bepaald. 
Omdat ammoniak zeer plakkerig is en het moeilijk is om goed gecalibreerde hoeveelhe­
den in een meetopstelling te krijgen, zijn deze metingen uitgevoerd in een open opstelling 
die geplaatst is in een klimaatkamer van het RIVM. In deze klimaatkamer kunnen via 
speciale gasleidingen goed reproduceerbare en gecalibreerde hoeveelheden ammoniak naar 
de opstelling toegevoerd worden. De CEA metingen zijn gecalibreerd met een chemilu- 
minescentie monitor en absoluut gemaakt met behulp van metingen aan water waarvan 
de absorptiesterkte en de concentratie bekend zijn. De detectie-limiet voor ammoniak is 
100 ppb in 1 s, een resultaat dat een factor 10 beter is dan de detectie-limiet behaald met 
andere technieken gebaseerd op diode lasers in het 1.5 ßm gebied.
Door te meten aan sterkere ammoniak absorpties kan de detectie-limiet van CEA spec­
troscopie voor ammoniak verbeterd worden. In het 10 ßm golflengtegebied zijn de ammo­
niak absorpties ongeveer 60 keer sterker dan in het 1.5 ßm gebied. In Hoofdstuk 7 staan 
metingen beschreven die zijn uitgevoerd met een CO2 laser die licht genereert in het 10 ßm 
golflengtegebied. De CO2 laser kan alleen licht op bepaalde frequenties produceren en is 
dus niet, zoals de eerder gebruikte diode laser, continu afstembaar in golflengte. Door 
de trilholte geometrie continu te veranderen, treden resonanties op tussen de lichtfrequen- 
tie en de eigentrillingen. Het licht dat uit de trilholte komt wordt gedetecteerd met een 
warmtemeter in combinatie met een ‘lock-in’ versterker. De ‘lock-in’ versterker wordt ge­
bruikt om de invloed van de achtergrondstraling, waarvoor de warmtemeter zeer gevoelig 
is, te minimaliseren. De metingen ter bepaling van de gevoeligheid van deze CEA op­
stelling zijn uitgevoerd aan ethyleen. De absorptiesterkte van ethyleen is zeer goed bekend 
en daarom kan de 50 ppb (1 s) detectie-limiet van CEA spectroscopie voor ethyleen in
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het 10 ß m gebied eenvoudig geüextrapoleerd worden naar een 25 ppb (1 s) detectie-limiet 
voor ammoniak in het 10 ß m gebied. Deze detectie-limieten worden vooral bepaald door 
interferentiesignalen die zichtbaar zijn in de metingen en kunnen zeker verbeterd worden.
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